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ﬁ. TAHR WORKING GROUP ON ICE FORCES

¥

A 3RD STATE OF THE ART REPORT ON ICE FORCES
s
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W PREFACE

N =

N

% The present working group on ice forces was formed in Hamburg at the last
R)

J TAHR Symposium on Ice Problems, in August, 1984. Tt has the following
¥

N members:

O".

"

;w Ian Jordaan (Canada)

: Mauri Mddttdnen (Finland)
i
?‘ Don Nevel (USA)

.
ff Timothy Sanderson (UK) - Chairman

(_ Dev Sodhi (usa)
‘'
:i Cary Timco (Canada)

j René Tinawi (Canada)

: Vitoon Vivatrat (USA)
{; Fegon Wessels (West Germany)
b .

- Our principal responsibility has been to prepare a 3rd "State-of-the-Art”
o4

'€y Report on Ice Forces. In the following pages this is presented.

]

,j We have tried wherever possible to make these review papers ratner more
» than simply an enumeration and summary of all the papers ever written on
‘: a topic. After all, what is most valuable from each of the specialists
q

contributing to this report, is a selective view from them of what is
right, what 1is wrong; what 1is good, what 1is poor. As leading
specialists in their {ndividual disciplines they should be best placed to
communicate to the rest of the Ice community what the current state of
nlay is In their own field: where the work 1is leading, which blind
allevs have been followed on the way, and which avenues 1tonk most
froitful for the future. 1f any of us have, in so doing, given undue

prominence to our own work, I apologise on cur behalf.

This vear's report contains contributifons on a wide range of topics.

Sodhi and Timco have provided coatributions describing ice-structure
it
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interaction processes, based largely on the latest advances in model ice
tank experimentation. This 1ircludes a review of interaction with
multiple-legged structures. A theoretical treatment of ice failure
processes is given by Hallam, who assesses the status of fracture-
mechanical descriptions and their ability to explain the observed
behaviour or ice. In doing this she draws on a range of literature from
the field of rock mechanics, which is impertant to ice mechanics but
perhaps not as well known to us as it should be. Jordaan reviews, for
the first time T believe, the status of numerical and finite-element
modelling techniques as applied to ice. On the more practical side,
Croasdale and Frederking review field techniques for ice force
measurement. A review of iceberg impact forces is given by Nevel, and a
treatment of iceberg scouring proce<ses by Chari and Barrie. Finally, 1
myself have contributed a compilation of all the ice 1indentation data I
know of, putting it onto one single (and rath.r crowded) pressure-area
curve. Fressurc—area curves have been produced at various stages during
the last 5-6 years, but there now exists a wide range of important data

which is no longer proprietarv, and this is plotted for the first time.

I very much regret that we have been uniable to include a paper from
banielewicz, Blanchet and Metge, describing the two first Hans Island
research programmes. During these important programmes, tull-scuale
forces during impact of multi-year floes were directly measured. ‘We had
hoped to include the first public release of these data in this volume,
but in the event we were unable to secure industry authorisation for
early release of the data from the 1981 programme. Nonetheless, the
results of the 1980 programme are now available publically (Darielewicr
and Metyge, 1981, APOA Report No. 180), and T urge all of you who are not
already Jamiliar with it to refer to it. Because I feel that these Jdata
are  so  important to  our understanding of full-uacale  interacrion

processes, 1 am taking the liberty of including with this preface a briel
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TABLF-  SUMMARY OF RESULTS FROM THE 1980 HANS ISLAND PROGRAMMFE

“orotianas were  measured  using  theodolites, and  probably

ot voraves  over about 50 seconds. The impact process was
R S I RET lasring up to 10 minutes. Error 1in pressure
P Toang U orhe order 50-1007.
‘ \ ! 1 | i !
Pl REEE 'Initial |Max. jContact | Average |
N (AR {kg) Velocitv| Force ' Area i Pressure | Remarks
(e Dffective  (m/s) [ (MN) ! (mZ) o (MPa)
| ! i t
L . ; o { .
! ! ‘
3 Voh Coixlolt 0039 ‘714 ! 1520 0.14
, ! |
: 20 AR TS 48 L 930 0.0%  Mean Force
{ i "ounly
s : ‘ 1
Ve i /xlw]l N.11 L 18 . 400 ©0.05 Mean Force
‘ - Only
| | '
I
! | -
7ot nlog 8 800 0. | Rotten
’ ! ' | first-year
‘ ; i ] ] ! )floe
AR st thaar these  data should only be used with a full
aoderatan i o the circumstances under which thev were collected, which

B giae from the full report on the project. The data from the

< t:ataad o provramae, which used more sophisticated data-gathering
' cory o b hoecome available after July, 1987.
Yoo, 1 hope that our report is of use to you, aand T look
o th et TANR Sympoasium on Ice, in 1988.
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THE ROLE OF FRACTURE IN

LIMITING ICE FORCES

Sheila D. Hallam BP Petroleum Development Ltd., England
Production Engineer Britannic House, Moor Lane,

London. EC2Y 9BU

ABSTRACT

The force exerted by moving ice on an offshore Arctic structure is
frequently described by a creep solution such as the reference stress
method (Ponter et Al, 1983). This work is often extrapolated to higher
strain rates and lower temperature regimes where the creep load bearing
capacity of the material is never reached because fracture limits the ice
load bearing capacity. This paper considers the ideally elastic fracture
limits to ice forces and discusses how they may relate to the maximum

pressures found at the transition from ductile to brittle failure.

The brittle fracture of ice under multi-axial stress conditions is
considered in terms of the nucleation and propagation of cracks. Crack
nucleation was found to dominate tensile failures and crack propagation

to dominate compressive fracture for the grain sizes found in sea ice.

Indentation fracture mechanisms of c¢rushing, spalling, and radial and
circumferential cracking are examined. Local loads were found to be
dominated by changes in the failure mechanism whereas the global load

depends on circumferential flexural fractures.

Peak loads on structures will occur at the transition from creep to
brittle behaviour. The relationship between this maximum and the brittle
strength are discussed for nucleation and propagation controlled

failures.
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The fracture streugt! o 1o¢ i+ very scale ependent (Sandersoa, 19Yson).
This has been attributed s jactoars such as 2eoaetric scaliog or (laws,
flaw size distributioos, non—s imultaneous Failore and T Luale
mechanisms. Some of these {geometric seabing, Fodaw =i distoibat lony,

non—-simultaneous failure) are discussed [0 saenderson (V967 anl s wii!

not be dealt with in detail here. Dirtoreal (ract e smestant siia ol
their associated loads are iavestirited ina thets relatio walp wit 1
effects discussed.
2. FRACTURE UNDER UNLFORM STRHSSVSTATES
2.1 Liriaxial Tensile Fractute
Fracture in tension occuars bBoocan=<e i - RIS i
uncracked sauple of fce there ace two eow mr o . N
fracture:
() crack nucieatioa = Ui tovaaliog of 0 ord e o claew e,

> . 1 . - . . D ¢} v . .
(23 crack propagation Lloe sl Temocminoo e osuliiog ot e TSR

a crack to extend.

If ¢

crack propagation stre<s is eeceodod batore the or-oc auclegtion

stress then failure {s goversed by the stress @ o tneleate 4 o vl
failure is very brittle, T, an Lo othier mand, the shress Lo nacleqte
cracks occars hefore the «tro.s o prapacate thea, the tajjed oo it
contain many cracks and wil!l appear to o show some ductibit. which 15 Do
entircely to the redustion in <titioess cansed by crack nacteation, iaal
failare (o this case [h governed T D oTrack propagation SUress,

in Li.e s B [ S -,‘1‘\"(‘-If>',[_lll::, flaws it is NERES f b ey
condition that is noecessoor s ot the taliers wilD o he very brittle,

2.1.1 Crack Nucleation

Tatirat ory b s dens are ool ly constructed very caretul Tyosoc bt
thes cocr i e dnitial flaws, This may also be the sitaatico in the
Siel oWt Plaws will tend 1o heal and blustr fa Ciae. Ty these cases
theee s teardae condinion i inportant.




Crack nucledation i3 belicved o result trom stress concentratioons dae to
dislocation pile ap at grain boundari s, Sinta (0970 has related crack

i Z

auacleation to g eviticdl valae o the delaved olastic straia. It this is

Lhe case, Lied o very Biah stvain rates a3l Dow tenporat ares Lhe stress
toy nuclteate the eracks s amlimited (Sandersoe and Child, 1986) ., The

o Bigh =train rate tensite data of Hawvkes od Mellor 09700 and tdehel
VP (

".*ﬁ‘ (097 clearly show that there s 2 limit 1o the toasile strenath and

o this imolics  thuel craces e indeed ucleate ot hich strair cates.

\ SongTadonyg g shean Sacd e (HY8Yy DUopse i Lerib e RENTENN
wacleation ocitorion which 1o i clase greement to Sinia's csecot g
igh strarn rates. They attvibate eorger awc learion o 0 ritical Conatie
strain, o e Sy i makial tension gt biigh o wteata v

7
e 5ol )
Lero L s Lhe crden cucleatioon rtens i le o stress aaad o F iy aang' s
"l
Chetus,
Shmle s and thiers L Yad sl e aa aciate o hteny pave conduacted
Lo i Sile tests on for b viard oo srala o stees. Chedir results for
- orittle strodin rates {arceiates e o seoare uresented in Flg.e 2oand

:‘.r , . . , .

- iow oo dependence an the g s ove The closed svinbols refer to

o~ coack aecteation stresscos gl U G wraho i T rack propagation

4

- Shron s, Mis depeadesecy oo srads <sioe has been quescioned in the

: titeratere  (Sinha,  983)  Hat Schaioaosa (i derccds dhese results,
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2.1.2 Crack Propagation From an Existing Flaw

The propagiation from flaws is now well understood (see, for example,
Kantr ) 1973) . The result for the propagation of a crack of length 2¢

L

srieatated perpendicalar to a uniform tensile stress Op is
TR {("a) (3)

where Ky ls the material property called fracture toughness which, for
ice, is approximately 0.115 MPa vm . A more general form of the tensile

iracture stress would be:

.= YK (ra) of (9) (4)

~here U 15 4 Tuaction of the geometry of the loaded sample and f(v) 1is a
fancrcion ot the ocrack orientation. For a material containing a
population of cracks the failure will occur at the weakest link, that is,

the flaw 1t which the fracture stress oT(Equation 4) is the lowest.

Tin  the case where cracks have naucleated in the manner described
previously, the length of the c¢racks 1s related to the grain size
¢Schulson and others 1984, and open symbols Fig. 2) giving the simple
tensile crack propagation criterion:

Soo= o 00s4 /S a ‘fPa (5)

The proposed tensile crack nucleation and propagation stresses (Equations

and 3) as a function of grain size are presented in Fig. 3.

2.2 Uniaxial Compressive Failure

Cpiasial o eompressive fracture can be considered in a similar way to the

tensile  fractare  criterion. The necessary conditions for brittle
Practare in oan aneracked sample in compression are:

1 crack nucleation - similar to the tensile process
2 crack propagation to failure - the extension of a crack in

uriaxial  compression {s stable and thus increasing loads are
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required to make a crack extend. A crack must extend until it
reaches free surfaces or until it interacts with other cracks,

producing an instability.

Depending on the relative stress levels required to nucleate and extend a
flaw, different types of fracture will occur that are analogous to the
brittle and pseudo-ductile failures observed in tension. When pre-

existing flaws are present, they need only satisfy condition (2).

2.2.1 Crack Nucleation

Compressive crack nucleation stresses at high strain rates have not been
studied in detail. The onset of crack nucleation 1is seen as a small
vield point on the stress-strailn curve but its position becomes less well
defined at higher strain rates (see for example Mellor and Cole, 1982).
If we follow the critical tensile stress hypothesis of Seng-Kiong and
Shvam Sunder (1985), cracks will form when the lateral tensile strain

induced by the Poisson expansion reaches the critical level defined in

Equation (2). Thus, with Poisson's ratio v = 0.3,

5 3.33 x 100

. _vo_ -
B 0.082 ,
or dnc = 1.39 + 7a MPa (6)

According to this, the stress required to anucleate a crack in compression
is approximately three times that in tension in the brittle regime. It
is reassuring to compare this with the apparent maximum stress to form
the first crack observed in creep tests by Gold and reproduced in Sinha
(1982). For columnar ice of grain size 4.5 mm the limiting stress to
first cracks at high strain rates is approximately 2 MPa cowpared with
2.6 MPa predicted by equation (6). The low value of the initiation
stress may be bhecause of the crystal structure or because of the acthod

of defining grain size.

2.2.2 Crack Propagation and Linkage

The stress to propagate a crack in compression is substantially hipgher

than that in tension and the cracks will normallv oacleate long hetor
7
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final failure in compression. Fig. 4a shows a summary of the compressive
stress data for strain rates exceeding 10-2/5 plotted against
temperature. The data are highly temperature sensitive although they are
insensitive to strain rate (Fig. 1l). Fig. 4b shows the same data
normalised by d-O.S. This brings the columnar data into very close
agreement. This poses the following empirical equation for compressive
fracture propagation:

(o — AD)

o = 2 (7)
o

= 0.14 MPa
= 0.017

where

= Temperature (°C)

o @ » Q
o
I

= grain size (m)

The equations for compressive crack nucleation and propagation are
plotted in Fig. 5. 1In the compressive case it {s crack extension rather
than crack nucleation which governs compressive fracture except at

exceptionally large grain sizes and at temperatures close to 0°C.
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X ad Hovid (1985 and analytically using damape wechaniss ia ashby and
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o Hallam (198n).  Ta Cookslev 1985) a verv sinple assumption wis nade tor
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2 criack fateraction based on the observations ot experinents and this Leads
N
. . . . .
0" to a4 veryv simple compressive tailure criterion
v
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S
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S v ( "‘) * 3 i
\:~ 5 e = Q<Y = LG
o C N L U8 )
A L SO S X
’ (1+#1.%)°

where [L* is the critical nermalised crdack exteansion which {or 4 wide

variety of roceks Is aporoximatelv 0.95. Assuming that the cracas fhat

aacleate in compression are the same size as those that nacleate o

;-\ tensina the left hand side of equation (9) is equivalent to thy ratic of
a8}

. . . . . “
O the compressive stress to the tensile orack propagation stress. Thas

[Ny T

" suhstitnting from Fquation 5S¢

]
A
" . - (‘*)‘_XJJ.O&a
e C {(l~-y) ¥ d
o .
.
P
! ,
H (1+L*)3/" i
*AL here f(i*) = -—*L;————*—G-;g——“ (19
o .
. +
s < 4.33
o (1+L*)%
o
{ ’-.' . - : .
[ Lo which effectively norualises the compressive strengths by the squire root
,?) of grain size. If we now compare the theoretical Fquation (9) with the

empirical Equation (6) we sece that:

fCLr) / (1~ = 3.18 - 0.39 {1
Pl
AN ‘ , , . :
33 ind thus we  are drawn  to  the conclusion that the origin ot the
jﬁ temperature dependency  lies in the varfation of  the diateras] <tati

coetticfent of dce, o with temperature.  If we assume that the triction

ot coetticient s zoro gt equal ro zero (which seems entirely roeasoaah]e)
Q-J
:\4 then o driction of 0086 wonld bhe necessary to explain the <treneth at
. - s . . . L :
f‘:_ b, axing this assamption gives an c"’]plr‘}ru)] cagnation for

o
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o 2.3 Multiaxial Compressive Failure
o
\ The fracture criterion can now be extended to the general stress state.
( 2.3.1 Crack Nucleation

o

;‘.- This criterion can be extended to the genceral multi-axial stress state.
AP

-.-' . = - - 1
= €, = 09y /E = vo, /E-vo, /E 1)
O
:: where 01’ 02 and 03 are the ninimum intermediate and maximum principal

tensile stresses and En is the critical tensile strain (Equation (2)).

:: The crack nucleation surfaces are 1illustrated for two common stress
. - states in Fig. 7.

o

-

6‘ 2.3.2 Crack Fropagation
¢ . L , o

"i If a crack 1is subjected to confining pressure in addition to the
"$ principal compressive stress this severely inhibits crack growth. The
(t modified version of equation (3) to account for confining pressure is

:i:’ I T as’? v
K [SXEp(IFNy = 53300 70 0.58 (14)
. IC Ll;—,—ﬁ + ——-—g

- (1+L)

Iy where 04 is the confining pressure or the least compressive stress and 4
-)‘\ is the ratio 03/01. The corresponding crack interaction equation is
;: obtained by substituting L = L*. Using the tensile crack propagation
é_ equation 5 and the empirical equations (12) gives:
v
- 5. = _.-0.044 x 3.18
e 1 vd 1= =u(1+X0)-2.251]
< (15)
2 where = o _:(2..-3.2_@__.—
e - 37087 0.39 »
",
b,
i This 1is only valid when cracks are 'closed' under compressive norumal
:-: lnading -nd the stress to propagate a crack is more than the stress to
"]
initiate a crack (L*=0). The full solution involving open cracks
7,
N involves a numerical step (Cooksley, 1984) but an approximation to the
o
N
> 12
L
0
’l
N N A R N
) i) - . &,
e A e
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;ﬁ:: solution is to truncate the fracture propagation surface with the
Ej;; fracture initiation surface:
x."::::
.0759
S B “(f-‘OX-'%(?TA‘)_) (16)
where initiation refers to the formation of the wing cracks. This

surface in turn is truncated by the tensile propagation controlled

fracture surface:

5, = 0.044/ Vd (17)

a5 and

Examples of fracture propagatinon surfaces normalised by
temperatures of 0°, -10° and -30°C are shown in Fig. 8 for plane stress

and axisymmetric loading.

2.3.3 Post Failure Strength

After the ice has fractured in compression, the crushed ice can still

carry load. This is perhaps best modelled by a Mohr-Coulomb frictional

solutinn (Fransson and Sandkvist, 1985). The Mohr-Coulombd failure

criterion can be expressed by:

3 4+ S
"1 _ . _ L+ sing
i7scf 1 - sin; (18)
3 i
wvhere S = c cot

¢ and ; are the cohesive strength and the friction angle. Fransson and
tandkvist found that for fine ice the cohesive strength was so small
that, for our purposes, it can be considered negligible and that

s = 147, This gives:

r—

= f = 1.6 (19)

..4.
[
[WS)

[
S

It is likely that this value will increase with decreasing temperature.
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> 3. INDENTATION FRACTURE
W/
N
b Two distinct types of indentation can be identified.
v
“~
P I 2-dimensional indentatiom - (Fig. 9a) in which indentation occurs
»N' over the full thickness of the 1ice sheet and the stress 1is
t \“
:N. biaxial.
1
k-
) I 3-dimensional indentation -~ (Fig. 9b) in which a limnited extent
., of the thickness is indented. 1In this case the stress state is
158
. triaxial.
fn
o,
o3
, The first type is important in defining the global or total load on a
o structure and the second in defining the panel or local load.
O a. b.
e
N
x-
:;: FIGURE 9 Classification of Indentation
159
a (a) Type I, 2-Dimensional Indentation
. (b) Type II, 3-Dimensional Indentition.
-~ ) Type II, 6
‘ .
)« The failure of ice can also be divided into two broad categories:
®
‘;: A In-plane faflure - where the ice once fractured is not cleared
fﬁ from under the indentor.
[ ’,:
e
- 3 Out-of-plane failure - where the ice sheet may deform or rotate
Lt out of the plane of the ice sheet.
A
;é In plane failure is likely to be dominant when failure is over areas
[
1, small compared with the ice thickness. 0Out of plane failures can occur
at larger ratios of contact width to ice thickness.
o 16
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ii 3.1 In-Plane Crushiog Failure

' There are many pieces of work dealing with an elastic/plastic
i‘ indentation, but, 1in the case of ice, an increase in velocity will
Il correspond to an increase in the yield strength. Perhaps the only truly
i: brittle approach I{s of the type proposed by Ladanyi (1967). He considers
;a the expansion of a cylinder and a sphere in an elastic/brittle material
;j ~#hich can be used to give the solution to the type I and type II
.’ indentation problem. Fig. 10 illustrates the analysis. The zone
- fmmediately around the indentor is crushed but can carry load because of
-fj its frictional properties (Section 2.3.3). The zome far from the
ﬁ indentor is intact and behaves as an ideal elastic solid. In the abserce
Il of radial cracks (Fig. lOb) the extent of the crushed zone depends on the

. triaxial compressive strength of the material (Ladanyi uses an empirical
fracture criterion developed by Fairhurst, 1964). For materials with a
low ratio of uniaxial compressive to tensile strength radial cracks may
form (Fig. 1Ca) when the circumferential stress exceeds the tensile
strength. The material between the cracks then crushes in uniaxial

compression.

crushed crushed

FIGURE 10 Cavity Expansion Model
(1)  with Radial Crack Formtion

2

'5)  witnout Radial Cracks.

3.1.1 2-dimensional Indentation

The maximum pressure, P, for expansion of a cylindrical cavity in plane

strain from the work of Ladanyi (1967) {is:
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. with radial cracks (u‘/oT 2 4.83)
"t )
Y
23 3
r C . ) C ]‘b
— = o= it ur(i-v)In (0 o : 20
3 CF o ) (= av (20)
¢ T
f~1
Jhare h = ——=
<t
Without radial cracks (o 7/ g 7 4.83)
corlioib tadtal eracss o |
2(1+0)3 G
P = (‘- oSy ~b (21)
cG T 5 “av
£
. i—a
Wit re D = T
d 2t
-
T
a8 b
b aud T L= 0.25(n-
o 1nd G T ok 3.25(n 1) 4
A
-
e
L dere o v is an average voilume straiu in the crushed zone during cavity
d
- expansion. Due to ignorance €, is normally assumed to be zero.
Lot v

Fig. lla shows the theoretical indentation pressure {(normalised by the
grain size) for 2-daimensional ice indentation using the uniaxial tensile
and  compressive propagation strengths (Equations 5 and 7) and f = 1.6

(Fquation 19). The graph predicts an increasing indentation pressure

with decreasing tewperature with a step change at -1.8°C when the first

vadial cracks {ora, the absolute magnitude of the theoretical pressures

e orary sensitive to the fritocional properties of the crushed ice.
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3.1.2 3-Dimensional Indentation

The maximun indentation pressare, P, tor rhis case is:

With radial cracss (o0 o v b.bh4)
P 3+ - (223
N A\
where a o= 23 (1-1/1)
fl+) 25
o —>__T_ Ly Y e T )‘5
and oo ooy SR o P
’ T c
vithout radial cracss (5, s b.hi)
irhout radiat crdees c
1+.):
P= (3 e ) (23)
e 28 ) AV <
where 4 1s the sane as above
2 5
and F = ---= a-l+6 1-2/9(a-1) )
Gty ¢ - (m=t) o

Fig. 1llb shows the theoretical 3-dimensional indentation pressures usiag
the appropriate tensile and coapressive uniaxial propagation strengths,

The graph shows similar trends to the 2-dimensional case with the step

chanze at the formaticn of radial cracks at =-9°C. This 1is also very

sensitive to the frictional properties of the crushed ice.

3.2 Out-of-Plane Indentation Failure

Certain nodes of failure such as hending and spalling alloaw large blocks

.

:: to move out of the plane of indentation. This has the effect of reducing
=,

..:: the real area of ire contact and can lead ton non-simaltaneocus failure
: (Krv, 1981, Ashhy and others, 193h). These out-of-nlane failures teand
!

!‘ to occur 4t irigh D/t (Aspect) ratios.

.".’ 4

3.2.1 ¢-Dimensional Indentation
Timco (1986) noteu farlure aodes for a1l His -dimensiyval fadenat ot ion
tests on laboratory coluanar pare fce of oraia size =3 mmo His resalts
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so the larger a structure the easier it is to propagate radial cracks.

Radial and Circumferential Cracks

Once radial cracks have formed, the ice between radial cracks can be
analysed as a beam and the stress to cause flexural fracture can be
investigated. Wierzbicki (1985) investigated the failure of a beanm
containing a crack of length a loaded by a force acting at one edge of

the ice sheet. He found that the average stress to fracture was:

K
- s
°t T Va (3Ya-Yp) (26)

where Ym = 1.99 - 2.47(a/t) +...
and Yp = 1.99 - 0.41(a/t) +...
If a<<t this reduces to op = 0.09/ Ya MPa (using K;, = .l115 MPa vm

and a is measured in metres.
A more general solution 1is to assume that the stress acts at an

eccentricity e from the centroidal axis yielding a stress

Kic 0.115

¢ T Vi (6%m o/t < ¥p) 1.99 72 (6e/t=1) (27)

2?

An alternative approach is to assume that there is no pre-existing crack

but, under the applied bending moment, failure occurs by crack nucleation

and that the crack, when initiated, has sufficient energy to propagate

L I
.

)

right through the ice sheet. Subtracting the average compressive stress

from the surface bending tensile stress produced by the bending moment

LA

and equating to the crack nucleation condition (Equation 2) gives:

pl

. 0.51 +0.03/ /d
= T (6e/t-D) (28)

x

FLy b Ut RS
(21

This approach has the advantage that the presence of pre-existing cracks

'@ Ty

does not have to be assumed. We have shown that for the typical grain

A

s

sizes in the field, tensile fracture occurs by crack nucleation and not

)
wANA

crack propagation.

A study of the circunferential and radial cracking failure data of Timco

(1986) (Fig. 12) shows that the stress for circunferential cracking.is

21
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Uidopeadent of thie fee thickness which suggests a charactevistic Toad

cocontrivity. e dce hias an average grain size of 2 mm and a wean

~lress oot 304 MPa thas eft o= 0022 giving a general solution:

o= (0L 0La3 )y 0032 9

13 covpares this thenretical circumferential fracture equation with

Timeo's data  for  radial  and  circumferential fractures and radial
Sractures only. The clrecumferentianl fractures do not occur Ffor tne
smaller indentors (which coincide with the lowest aspect ratios). This
{35 nresatably because the radial c¢racks have not grown to a sufficient
Lensth (Fguation 25) to reduce the restraint on the ice plate and allow

toto bend as a bhean. For the large aspect ratios and large indeantors
Catrvuctures), the fracture streagth will be limited by circumferential
rractures,
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As the formation of a spall is controlled by force and not pressure, a

spall can form from a local contact of width D* which may be less than
the total indentor diameter D. After the formation of a spall, contact
could shift to another point of points leading to a progressive non-
simultaneous failure. TIf only one failure zone (spall) was formed at any
moment in time, the maximum stress on the 1indentor (force over the \

projected area) would be given by:

o = a/S/D (32)

where H is a constant for ice. This does not correlate well with the
data from Timco (1986) shown in Fig. l4. This may be because the

indentor is rectangular and not cylindrical.

0 R . e g . . S e .
@ SDa'li D=2 54

B spathing 0O=6 35
O crushing [i=u2 54

O rushipg D=6 35
v ootushieng D=127

STRESS MPa

[ SRS IVPFHETD LA P
=5 8 MBPaamm

e . ) SRR . . T T T Yoo
ASPECT RATIO

FIGURE 14 Comparison of Smll Seale Spalling inuentation Data with

Crushing Data and Theowretical Spalling Conditions.

Alternatively, {f the Indentor was rectangular and of diameter D, the

radius b of the crushed zone would depend on the volume of the {ndent

ZTeTT LT .

3 ) 8

E; b4 = 3D therefore; ¢ = (50)5/ (GXD)
v

|
v,

? where i is the distance indented.

4

: I[dentifying the critical length of crack with the ice thickness implies
: that, for a given D and t, {t is a critical value of & | the i{ndented
y
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¥x: distance, which governs spall formation and the associated stress level
ﬁ;i is that for crushing. Fig. 14 also shows the crushing data points which
Eéii occur at essentially the same stress levels as those points where
o spalling occurred.

"

:“ij Obviously, we can conclude that the understanding of spalling failure and
Egif how it may limit ice forces is far from complete, however, the importance
N

of spalling failure on the scale of a structure may not be {mportant as

%

flexural failures are likely to dominate the load.

»
)

.

N
5

3.2.2 3-Dimensional Indentation

G

In this case, the contribution to load reduction that nomsimultaneous

failure can make 1s negligible. This is because the fractured ice has

Sj great difficulty in clearing from under the indentor. However, 1ia the
;i field, the thickness of the 1ice may limit the maximum local indentation
g;j load. This is because radial cracks could reach the surface of the ice
:E: allowing large flakes to spall away. As this process would repeat itself
;f the high indentation crushing pressures would never be developed across
s

the entire ice thickness. The types of radial cracks which may form are

summarised below:

Hertzlan Cone

This is the classic indentation under a blunt indentor such as a ball in

R

LR e ]

very brittle materials and {s summarised in Lawn and Marshall (1984).

'..’n.
h Y

The first stage is the formation of a ring crack under the indentor which

.\"-

6' propagates to form a cone shaped crack as {llustrated in Fig. 15a. The
N critical load for cone initiation {s

- F o= ar K ¢ /E

e/

¥ ¢

|.‘

o where E is Young's Modulus, A is a dimensionless constant, Kic is the

S Y

ﬂgj fracture toughness and r {is the radius of the sphere. This 1{s not

j_: lependent on the starting flaw size. This has aroused much interest

’d X

;‘ because  combined with the Hertzlan stress relation (5 = F/r<) , it
:;: fmplies 4 size effect on critical stress level to initfate the cone of
s,

N2 e,

]
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3-Dimensional Indentation Crack Systems

FIGURE 15
(a) The Hertzian Cone and
(b) The Median/Radial Crack System.

The growth of the cone crack follows a law of the form

Bc3/2

K

F IC

where ¢ is the crack size and B is a dimensionless constant.

Median and Lateral Cracks

Under sharp indentors and in less brittle materials localised zones of
plastic deformation (or crushed zones) occur and a penny shaped crack,

called a median crack may form immediately under the indentor tip

(Fig. 15b).

radial cracks.

On unloading this may extend up to the surface to form
These are of lesser {mportance as we are concerned with

maximun loads on loading. The median crack grows according to a similar

law to the Hertzian cone

CC3/2

Kic

Spalling
In both the above cases there 1s a crack growth process where

3/2
c

F « (34)
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"1f we consider these cracks radiating from the indentation to the surface
it seems reasonable that when the cracks have extended to some critical
multiple of the ice thickness a block will break away and thus limit the
load Thus

F = Jt (35)

where ] is a constant. This might reduce the average pressure on an

indentation {n the same way as the 2-dimensional spalling leading to an

average stress for spalling of:

&~
[
[md

- (36)

[l
3|

where ) is the diameter of the Indentation. For large contact areas nom
simultaneous failure would presumably occur with Fg being the force on a

single contact zone.

4. FRACTURE SCALING LAWS

The 1Indentation pressure of 1ice shows pronounced scale-effects. A
substantial amount of the published data 1s presented in Sanderson (1986)
on axes of log pressure against log contact area and log aspect ratio and
shows how peak pressures vary as the inverse square root of contact area
with some dependence on aspect ratio. The origin of the scale effects is

elusive and many suggestions have been offered:

(i) Statistical effects of flaw distributions
(i1) Geometric scaling of flaws

(111) Non—-simultaneous failure

(iv) Change of fracture mechanisms

The inflvence of the first three have been discussed in some detail in

Sanderson's paper so here we will concentrate on the last point.

At small scale, the pressure area relationship can be reproduced for ice

of roughly constant thickness but the origin lies in changes of fracture

»
e e e e ey a8

mechanism induced by 1increasing the aspect ratio. If a large amount of
data 1s plotted as 1in Sanderson (1986) these trends of decreasing

pressure with aspect ratfo can be lost due to the superposition of tests

27
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. with a wide variety of ice thicknesses from of order 1 mm to of order
:S:: l m, in which the only upper limit is the crushing strength.

.

i}: At large scale (and hence large aspect ratios) the radial and
*i circumferential failure should dominate the load. The load for
-«5 circunferential cracking 1is independent of ice thickness and probably
S"': independent of structure diameter. If we assume a typical grain size
: ::Q perpendicular to the lower surface in the field of 50 mm from Equation
) (29) the flexural pressure is 2.0 MPa. For very large aspect ratios non-
'\.:": sinultaneous fallure can occur which reduces the average stress in a
::'E statistical fashion. 2 MPa will now be the stress to fail an individual
:r‘: zone, which will fail over the entire ice thickness and over a width
:. related to the spacing of the radial cracks.

4 5. THE CREEP FRACTURE TRANSITION

\“;

o All the results so far have looked for the truly brittle solution, that
‘Ef‘ is, when strain rates are sufficiently high that plasticity does not
_:: influence the strength. In reality, the stress at the transition from
':'.:_:' ductile to brittle behaviour may be higher than the brittie fracture
‘. stress. This peak is seen in uniaxial compression but not in uniaxial
.::j:; tension (Fig. 1).

S;I In uniaxial tension, failure (depending on grain size) is dependent on
. the nucleation of cracks. At the moment of nucleation the cracks are
-:'. sharp and ideal linear elastic fracture mechanics 1is applicable. In
E::: -ompression cracks nucleate 1long before failure which is propagation
js.‘:' controlled. The creep field will blunt flaws and cause an apparent
L ] increase in the fracture toughness, until the ice fails by nett section
'_:?:: creep. It seems likely that there is a simple relation between the peak
stress and the brittle stress. Carter (1972) showed that its compression
‘_ peak stress was approximately 1.7 times the brittle strength for a wide
. range of temperatures.

g

_' [n other, more complicated, stress states we may postulate that if the
':::: fracture is controlled by crack nucleation (such as inflexive) the stress
.’ within the rcreep fleld has only to exceed the nucleation condition
:\.'j whereas, when propagation controlled (such as in indentation crushing),
E; the stress may need to be increased by a factor of 1.7 to account for the
! 28




crack blunting process.

I1f progress can be made in the understanding of the transition from nett

section creep to fracture it will give a siumple way to convert a fracture

limit to a peak pressure.

CONCLUSIONS AND RECOMMENDATIONS

The maximum force that can be exerted on a structure is limited by

fracture.

For the large grain sizes present in sea-ice, tensile failure will
be governed by the nucleation of cracks if there are no sharp pre-

existing flaws.

Compressive Fracture will be 1limited by crack propagation and

linkage except at temperatures close to 0°C.

When the failure is dominated by the nucleation of cracks then the
maximun pressure occurs when the critical strain condition 1is

exceeded within the creep field.

When the failure is dominated by the propagation of cracks then the
peak stress will occur at the creep/fracture tra-sition and 1is

likely to be of order 1.7 times the brittle value.

Local loads on structures will be dominated by the local crushing
problem and 1{ts interaction with spalling. This requires

substantial investigation.
Global 1loads on structures will be dominated by circumferential

(flexural) fractures and, for large aspect ratios, non-simultaneous

failure.
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ICE FORCES ON MULTI-LEGGED STRUCTURES

C. W. Timco National Research Council Canada

Assoclate Research Officer of Canada

The determination of the forces which an ice sheet can exert on a multi-
legged structure has received very little attention. This, in spite of the
importance of these types of structures as docks and drilling platforms
(both fixed and floating). In this paper, the types and origins of these
forces are reviewed. This is done by assuming a typical platform design
and determining both the total horizontal and vertical forces due to moving
ice. The results of model tests are reviewed to give insight into the
interaction and influence of the multiple legs on the total force on the
structure, Finally, a brief annotated listing is given of the reported

results of ice interacting with full scale platforms and bridge piers.
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1.0 Introduction

-

The 1nteraction of e with rigid structures 15 a complex phepomenon 1n
whieh vany factors are involved.  Depending on the geometry and 1nteraction
rate, an.s o one ot combination of failure modes can occur for the 1ce, and
tnas coovetns trhe load on the structure. In general, the maonitucde of tne
oaa devends vien the size and geometry of the structure, slze and jeometry
o the 1oe fouatures, vechanlcal properties of the 1ce, the rate >f overent
peteec;: too 1ce and the structure, rigidity of the structure, failure rode
induaced 1n the 1ce, environmental drivine forces, decree of continulty be-
twrey the 1c¢w and  the structure, and 1nertial effests 1n inth 1ce  ard
shructuce, secause of this complexity, predictions cof the 1ce loads on
st et ginole-gshaped structure is difficult, For a ialti-lecced
structurs, sach as a driliing platform, semi-subrersible, bridue yler, dock
cr wharf, tinforvation on ice loads is scarce, This 1s 1n spite of their
iroortarce G dse in the lce-infested waters. For this type of structure
it is recessary to know both the total load on the whole structure, and the
leads (rcth 1n macritude and direction) on each leg of the structure, If
the legs are sreced widely apart, each may be considered as a single isola-
ted Lile and treoted cccordingly. However, 1f the legs are close tugether,
interferonce 2ffects way occur which would influence both the load on the
structure and tie failure mode of the 1ice. As such, in tryinma to design
the optimur spaciea of tue legs of a multi-legged structure for strength
and economy, 1niorration on both the magnitude and direction of the loads,
foe farlure modes and  ice plece sizes are reqguired. To date, there has

e overy little reported for this on full scale (prototype) structures,

In th.s review [iper, the ice loads on multi-legaed structures are re-
viewed, Ghis ¢ done in a rather unconventional way by choosing a nominal

AR

-

i-1zsgoed structure design and ice conditions, and calculating various
oo losds on the structure, To gain some 1nsight into the 1interference
«ftects on the 1ce loads and ice failure conditions, the results of model
tests with multi-leaoed structures are nriefly reviewed. Finally, a brief
nnotated review is given from the published literature on the ice loads on

frll-seanle structures,

2.0 (;enerdl._ Considerations

i1 order o ocaleculaote the 1ce loads on a structure, 1t 18 necessary to pre-

drer rbee foilure rode of the ace. Ihis 18 not always joss1ble and =several
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failure mechanisms must be considered. When there are two or more compet-
1ing ones, the lowest calculated 1ce force 1is usually the correct one since
the 1ce should tail with this failure mode, To date, there has been very
little 1ntormation published on the ice loads (either measured or calcula-
ted) ftor mult:i-legged platforms. Because o©f this, the ice loads on this
type of ctructure cannot be predicted with a high degree of confidence.
In general, the uapproach in calculating the loads on a multi-legged struc-
ture has been to treat it as 1f 1t were composed of a number of individual
piles subjected = :ice Joading. The loads on each leg are calculated in
turn usina the turmulations developea in ice engineering for the situation
of a singlie isolated oile in ice. Then, the total load on the whole struc-
ture is determined by simply summing the loads on each leg assuming some
scenari1o of spatial 2and temporal variation of load on each leq. At the
present time, the validicy or correctness of this approech 1s not known,
One major oncertalnty 1in this area 18 to decide a priory in the treatment
of the probler whether the legs of the platform can be treated individually
with summ:ng of the individual loads, or whether there 1s interference
between thnem uvhich will affect the failure mode of the ice. There 1s no
good field i1infcimarion 1n this area and so the results of model tests are

ased to provide scme guidance.

The ice forres on multi-leaged structurec have been investigated using phy-
sical modelling technigues by several authors. Many of these studies have
looked at the basic physics of the irteraction process of an 1ce sheet in-
teracting witihh a row of two or more vertical piles. These tests provide
insignht 1nto interference effects of the multiple legs. To date, tests of
this <ype tave bween performed by Saeki et al (1978), Noble and Singh
(1982), Kato and Sodhi (1983), wessels (1983), Timco and Pratte (1985) and
Evers and We<sels (1986). These papers contain a great dea of information
on aspect ratio e=ftects, rate effects, ice faillure modes, etc. and the
reader 1s referred to thewn for detaglo, in general, the test results are
in reasonanle agreement with the following salient features:
(1) The 1ce actionr o two legs fhas no intecterence effects 1f the spacing
petween the legs (L) 1s arester than si1x times the diameter (D) of one

of this legs,

(2) Az the laa cpacaing decreases rtor L,Daky, the horizontal force on each
lea 1o the direction of Jce poyement 18 less than that for an 1solated
Leag wnder the soame condlt o,
37
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Cver this same range, however, the magnitude of the force on each leg
in the direction perpendicular to the 1ce movement increases in such a
way that the total force on the leg is the same as that on an isolated
leqg.

This mechanism causes the resultant direction of the ice 1loading on
each single leg to change if the legs are close together. The model
tests indicate that the direction of loading may deviate by as much as
12° from the direction of motion of the moving ice. Thus, when the
legs are wide apart, the failure of the ice is symmetrical about each
leg; whereas when the legs are close together, the failure tends to
occur on one side, The proximity of the other leqg causes the legs to
be pushed together (see Figure 1). The resultant force on the entire
platform, however, decreases with decreasiny leg spacing, as the
lateral <—omponents of the sgi1ngle Ieg fources compensate each other.
This was confirmed by model test results on three- and four-legged
platform (Evers and Wessels, 19§48). The following numerical results
were obtained:

The wvariation 1in the leg spacing of the four-legged plattferm during
level 1ce penetrations showed tne tendency that the increase 1n the
horizontal leqg forces on the entire platform from L/D = 4.0 to L/D =
5.3 was greater than the 1increase from L/D = 5.3 tc L/D = 7.3. This
1S causged by the fact that at hiah ercunh values of L/L, each 1ndivi-
dual leg acts as a single 1independent lea, It can be expected that
the resultant 1ce torces on the entire glatform will reach an asympto-
tic limit at lea spacing higher than L/D = 7.3,

On th~ ~ther hand, the wvariation in the lea cpacing of the three-
leqaed viattorm showed, as a general treng, a proar«ssive 1ncrease 1n
the resultant 1ce forces on the entire platform with 1ncreasing leg
spacing. It seems that the limit where all sinale legs act as an
individual leg 13 not yet reached at L/ = 7.3 fcr the three-~lecaed
platform.

The parameter stidy on the lea spacing of the three-leqgued platform as
we:iloan on the four-legqged platform led to the conclusion that o mini-
it value ot total 1ce torce on the entice platform can be expected at
1 certarn value ot leg spacing. The value of critical lea spacing ce-
peenas e e type of stracture (three or four leags) as well as on the
tyee o ace/stracture anteracting, 1.0, , level wce, c1dre or nressare

e freld anterecticn,
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(5) When L/D>6, the failure of the 1ce 1s pure crushinag, or crushing with

:{ radial cracks. For L/D<6, tensile cracks develop 1n the 1ce such thot
Z: the 1ce moving between the legs 1s broken 1nto sraller pieces (see
" Figqure 1), In general, the length of each 1ce pilece 1s a function ot
) }

S the leg spacing such that 1t 1ncreases with 1ncreasing spacing.

;f{ (6) For broken 1lce moving against the front leas of a multi-'egged struc-
‘:f ture, there 1s a definite advantage 1n 1ice clearina and total lecad for
}i a structure which has a few large diameter and widely spaced legs as
\

- compared to more numerous thinner leas, However, recent (proprietary)
:J model tests have 1ndicated that a closer lea spacing has an advantaaqe
<

-7 1n overall clearing under the structure, <ince the 1ce 1s broken 1nto
b ruch smaller pleces.
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FPigure 1: Ice failure modes and direction of principal locads on a multi-
legged structure determined using physical modelling techniques.
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{7y Model tests on complete platforms indicate that the maanitude of the
,::‘ toad depends upon the angle ot the 1ce movement relative to the plat-
:::t torrn leas, 1f, for example, the two front legs of a 4-legged platform
'E:—: simultaneously penetrate i1nto the 1ce, the back two legs are 1n an 1ce
! snhadow, and will not realize any appreciable load. I1f, however, the
-_{ direction of 1ce movement 1s changed by 25°, all four legs will have
E-{: 1ce loads on them. In this case, the back legs willl experience a
4 broken 1ce fleld and the 1ce may fail by bending or shearing rather
\ than crushing. Conseauently the peak loads on each 1ndividual leg do
Fj not occur simultaneously, and the maximun, ice load on the total struc-
,E:j ture 15 less than the sum of the maximum loads on each leg 1f treated
":3 1n 1solation. The amount of reduction will derend upon the platform
: - design and angle of 1ce attack. This may be 1nvestigated by model
::...:t tests 1n 1ce, It should be remembered, however, that for breakcut
(frozen-1n) conditions with complete 1008 contact, simultaneous
.\ occurrence ol peak loads may occur. This may 1increase the total
- force on the structure by a factor of up to 4 compared to the force
‘ durirg level 1ce penetration,
g 3.0 The Interaction Scenario

As an example of a multi-legged structure, we choose a 6-legged platform
:sf with a rectangular shape with overall dimensions of 30 m x 15 m with four
N.» well conductor plpes 1n a square array 2 m apart at the centre of the plat-
::-' totm. The diameter of the legs and pipes are 1.0 m and 0. 66 m respectivel-

@,

Y. A sketch ot the hypothetical platform 1s shown 1n plan view at the

.’- . . .
N waterline 1n Figure 2a, Assume further that this platform 1s to be built
B in 10 m of water 1n a region with a moving 1ce cover of maximum thickness
Ay 35 cm, average 1ce salinity 5 0/00 and minimum alr temperature of -15°C
% (e Fragure 2D).

. In order to calculate the loads, repres=ntative values of the mechanical
» F

L}

" properties of sea 1Cce are necessary. These properties depend upon many
] _ A

v, tactors (see 9,4, schwarz ana wWeeks, 1977 or weeks ana Ackley, 1982 for a
"_-

e review) and so wn thls paper typical values are simply chosen. In the
D"

R design of a structure for a specific site, however, 1t would be 1mperative
12 to have aood inforrmation on the type and extent of the 1ce cover at the
_g site,
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Figure 2: Schematic of the multi-legged platform used in the interacticn
scenar io.

Since this ice is relatively thin, it will be assumed that the 1ice struc-

ture 1s granular. For these conditions, the uni-axial compressive strengtt

(0o) varies with loading strain rate (E) according to
o = 30 ¢""2? (1)

. . . : -
where ¢ 1s 1n MPa and € 1s in s 1

(wang, 1979). At break-up, when the 1ice
1S warmer, a maximum uni-axial compressive strength at high loaaing rates
is of the order of 2 MPa (Schwarz, 1970). Further, for the calculations,

appropriate values for the flexural strength (op), effective modulus (E)

altXXRCELTL T

L and characteristic length () are chosen to be op = 0.5 MPa, E = 3 GPa

r.!

I and £ = 5.9 m respectively,

Lirs

v

7

" For this situation, 1t 1s possible to use present engineering equations and

r! results of strencth measurements on sea ice to predict ice loads on the

v

Y . . .

o v*¥ructure, as well as to 1llustrate the gaps in our knowledge of ice loads
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on multi-leaged structures. In calculating the loads on the hypothetical

structure, use can be made of the model test results, ror the main legs of

[ 4
.

2 1

the structure, D/L = 15 so each of the legs can be treated individually,

fereie
00

nedlecting 1nterference effects. For the well conductor pipes, however,

D/L = 3.0, so the interference effects are important. In determining the
4 total load, the force for ice crushing for both ductile indentation and dy-
[
E narmic crushing will be calculated for each leg and pipe and then summed to

give the maximum load on the structure. In addition to this, the load nec-
essaryv for ice buckling, and the vertical ice loads due to changes in water
level will be determined. 1In all cases, it will be assumed that there is a

sufficiently large driving force on the ice to cause local failure.

4.0 Design Ice loads on the Structure

4.1 Horizontal lLoads Due to Ductile Indentation

Ice sheets 1In nature are in constant but very slow movement. As the ice
roves, forces are exerted on isolated structures, For a platforni, there
are several vertical legs and conductor pipes which present conditions for
ductile indentation of the ice cover. The force on one single leg or pipe

can be estimated from the Korzhavin (1971) equation

¥ =kmlIDhog (2)
where k = contact coefficient, m = shape factor, I = indentation factor,
D = width of an individual leg or pipe, h = ice thickness and 0c = uni-
axial compressive strength at the 1loading rate of interest. For this
situation we will assume frozen-in conditions (i.e. 100% contact) so k = 1
and for a round indentor m = 0.9. The indentation factor I incorporates

the effects due to both the aspect ratio (i.e. structure width to ice

thickness ratio) and ice anisotropy (see Figure 3). For the legs of the

platform D = 3,0 r and h = 0.3%5 m, so D/h = 2.9, From Figure 3, I = 1.2
assuming rough (i.e, hiagh friction) boundary conditions and granular ice.
For the pipes in the platform, D = 0.66 m and h = 0.35 m so D/h = 1.9,
From Figure 3, I = 1.4 for the pipes. To estimate the uni-axial strength
of the ice, 1t is necessary to know the strain rate of the ice. The inden-
tation of a pile in an ice sheet 1s a complex phenomenon in which the
strain rate in the ice is high close to the indentor and decreases with
distance from the indentor. It has been found that an appropriate stralin
rate for an 1solated pile can he estimated by € = v/2D where v is the in-

dentation velocity (Ralston, 1976),. For plles 1n an array 1n moving 1ice,

L]
the appropriate strain rate 1s not known, If we assume that ¢ = v/2D and
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Figure 3: Indentation coefficient wversus aspect ratio for columnar and
granular ice (after Ralston, 1978).

movement rates of 0.3 m/hr, then, for a pile of 1 m diameter £ = 4.2 x

107> s"‘, and using Fquation (1), =~ = 3.3 MPa. Then, from Equation (2),
the force on a single lea 1is 1.2 MN. In a similar way, the load on one
plpe is calculated to be 1.0 MN. In this latter case, 1interference effects
may occur such that the pipes may be "pushed together". For the highest
overall load on the platforn, the 1ndividual load components should be
simply summed. For this platform this yields a total load of 11.2 MN,
This 1s the situatinn representing completely frozen-in conditions of the
structure, and as such would give the highest peak load for this fallure

mode. Once the 1ice 1s 1n continuous movement, the load on the structure

due to continuous crushina would be less than this,

4.2 Ice Buckling
Under some cilrcumstances, «specirally tor the case of a wide structure with

a thin 1ce sheet, the 1ce can fail throuagh buckling., This failure mechan-
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1sm thereby can determine the limiting load on a structure. The loads due
to buckling are a function of the width of the structure, characteristic
lenqth of the ice cover, friction at the 1ce-structure interface, and the
aspect ratio. Plots of the non-dimensional buckling loads P/(DKQZ) are
shown versus D/f2 in Figure 4 (Sodhi and Nevel, 1980). For a multi-legged
structure, there are two possible buckling .cenarios; wviz, buckling against
a single leg and buckling against the whole structure, To esc.imate the
buckling load, we first assume ice failure due to kuckling on an individual
leg. For this D = 1 m and £ = 5.9 m (from Section 3), so that D/2 = 0.17.

For this ratio, assuming high friction coefficient at the ice-pile inter-
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FPigure 4: Buckling load wversus D/t for fixed and frictionless boundaries
(after Sodhi and Newel, 1980).

face, P/DKSL2 = 65 (from Figure 4) and so P = 22.6 MU, This 15 considerably
higher than the crushing load on the pile, so npuckling i1s not probable and
ductile indentation would govern the desian, For the second scenario of

buckling against the whole structure, the width or the structure would be

30 m, 3» that D/ = 5.1, From Figure 4, tne buckling lead tor thas gatio,




. 2 - .
assuming gl triction coefficient 1s PB/DKRS = 6. Tnus, for ice buckling,

the load orn the wnole structure would be P = 62 MN, This 1s also higher

thar <-ne

w

ur of the 1ndividual loads on each leg ana pipe Jdae to crushing,
so Jander these cilrcumstances buckling of the 1ce sheet sivula not ocut.
1f, however, broken ice pleces jam up underneath the platiorn, anc then
reconsc.ldate, tnhls may present a situation where Duckling ot tne parent
1ce sheet .= the predom:inant failure mode. In this -zse, tne load on the
platform would be the buckling load against the ftull width 2f “rne stroce-
tare. Trie <learly emphasizes the importance of nminiwizing thus Jamming
throoan car=ful consideration 1n the design and orientaticon St the plattorn
with (espest to tne direction of the moving 1ice. Ire thie sreg, phvsica:

rodellin toots woula e very useful.

4.3 Dynamic Ice Forces

trrfrire rce floes can sove with considerable speed undor Che SOt OF o=
virontental driving forces, especially 1in spring during the 1ce Jrodrn-un,
In this case, the velocity of the ice 1s such that the fail ve of v 1o

orcurs 1o the brittle or transition zone, The fa1lure oo

1nvolvea are crushing, spalling, 1ce crackina and 1co wedoona. 70 et Imate
the ftorces 1nvolwved 1n this process, an equation si17tlar = fgcacwen (D) 1 -
used except that the contact factor 1s 1nclucea 1n the wnderatiorn Coelfy -

clert. The egaatlon for the ice force 1s

F=m1IDHh o, {20
where the terms are described as 1n Eguation [(Z) 2xcepu for - woih s o
nominal strenuth value. We chose o5 = 2.0 HMPa 38 the maxinug value woo-

n

ured by Schwarz ({1970) on warm sea 1ice. For this cas-, the 1rdenr st on

factor suggested by Afanasev et al. (1973) 15 frequently used

I=(5n/m+ Y27 for 6> oo v

T I =4 - 1.55 (D/h) for D/h < ! 4
t"‘:: For an individual leg for the platform, Ds/h = 2.9, so I = 1.7 and tre 1oad
t. . on a single leg due to dynamic 1ice crushing 12 1.1 MN, In 3 »irmi.at wiy,
YN the load on & single pipe 1s calculated to be 0.79 MN. This " e of qeact
:.,‘. would probably not occur simultaneously on all pipes ana e, s ihe |
;{’.:\-_' total load on the structure due to impact could be Shtarie-t throaoso Somel- ‘
&_: tion of the 1i1ndividual loads with wvarious scenatics ot the tem oo =i a0
t.‘: spatial distr:ihbutions of the 1ce impacts, Modep  to sty aho o0 i 0w “
v?} information 1n thlis area for a partaicular platform desygr, b 00 te s o ‘
E;:;«: 1mpact loads and 1ce jamming and pile-up beneath tro tpoctar. |
oy
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4.4 Vertical Porces Due to Changes in Water Level

As water level changes through, for example, tidal action, the 1lce sheet
adhering to a leg cr pipe can deflect and exert a vertical force on 1t,
The problem 1s usually approached using plate theory with the governing

differential equation (Gold, 1984)

q - K u
AV, =2 T Y (5)
Dy
where « = deflection at a given distance from the otructure, g = load
applied for the 1ce cover, K = sub-grade reaction = nog, Dj = Eh3/12(1—u2)

= flexural rigidity of 1ce cover. Usually the treatment of the problem 1s
in terms of the elastic solution, even though thils 1s applicable only when
the change 1in water level 1s rapid. If the water level changes are small
so that no cracks occur, the analytical approach by Kerr (1978) can be used
reliably for this structure geometry. In most cases, however, 1ce cracking
will occur. For this situation there 1is no complete analytical model to
predict the uplift forces on a multi-legged structure so it 1s once agaln
necessary to treat each leg independently. One approach to the problem of
an lisolated pile is to treat the failure of the ice 1in terms of rad:ial
crackirg and subsequent circumferential failure of the wedges. Based on
the work of Nevel (1972), an approximate estimate of the uplifting forces
on an 1isolated circular pile of diameter D 1s given by

P = 1.154 0¢ h? (1.05 + 2 a + 0.5 a’) (6)
where a = (D/22) and o¢ 1s the flexural strength of the ice. For one of
the leas o = 0.08, and the vertical force 1is 0,09 MN. The position of the
circumferential crack can be determined from Fiqure 5 (Christensen and
Tryde, 1984), For the present case, 1t should occur at a distance of =3 n
trom the leg, Although this calculated vertical load would be appropriate
1in several situations, 1n the case of a multi-legged platform there are
many uncertainties and this approach can only be used as a guide to the
magnitude of the uplift forces for several reasons. First of all, it rep-
resents the elastic solution to a viscoplastic problem. Secondly, as the
Lce breaks 1n this situation, there can be flooding and refreezing such
tnat an 1ce collar can form around each leg or fpipe. Thls causes them to

havee a much larger etfective diameter, with resulting higher vertical

torces, {For example, assuming an effective diameter of 2 (3 m) + 1 m =

7ot ter one lea, the calculated wertical force using Equation (6) 1s 0.16

tu) o Thirdly, the deformation and failure of the 1ce will be influenced by

tne proximity of the other legs and pipes 1n the platform, to the extent
46
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Figure 5: Wedge length versus D/2¢ for ice failure due to uplift (after
Christensen and Tryde, 1984).

that a simple summing of the loads on each individual pile may underpredict
the actual total load on the structure. In those cases where interference
of the ice deformation due to other structures 1is of concern, the best
approach may be to use a finite element analysis to determine the failure
mechanise (Eranti and Lee, 1981). This approach, hLowever, 1is very expen-
sive and still involves many simplifying assumptions. Thus, the magnitude
of the uplift forces on a multi-legged structure cannot be easlily predicted
with much certainty and a great deal of work remains to bc done in this

area,

5.0 Prototype Studies

There have been very few reports on the ice loads or ice breaking behaviour
arouné multi-legged structures. Because of this paucity of information and
the conplexity of the interaction process, it is not possible at this time
to co-ordinate the results to give a consistent picture. The reports which
describe the ductile indentation or dynamic impact incluce:

(1) The study reported by Peyton (1968) and Blenkarn (1970) on the ice

conditions and ice loads on a platform in Cook Inlet, Alaska over a
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number of years. These papers report on measured prototype values and
introduce the concepts and problems associated with the dynamic res-
pavince of the structure.

A study reported by Schwarz (1970) on the 1ce loads on a marine pler
11 warm 1ce 1n the North Sea. In this study 1ice pressures up to 1 MPa
were measured for weak 1lce.

Jizu and Leira (1981) and Wang (1983) report on the problems experien-
ced in the Bo-hal Gulf in China by two platforms which were designed
witrout consideration of ice effects. One platform collapsed whercas
the other was unscathed. The paper outlines the forces on the plat-
form and the problems associated with ice jamming both 1n ftront and
anderneath the platform,

Neill (1972), Montgomery et al. (1980) and Huiskamp (1983) report on
the dynamic response and measured ice forces on bridge plers in large
rivers 1n central Alberta. Their analysis shows that depending upon
the freaguency and damping characteristics of the pier and foundation,
the dynamic response can exceed the static response to the peak 1ce
torce. The peak unit pressure was found to be comparable with the 1ce
strength 1n compression.

The excellent review article by Neill (1976) assesses various analyti-
cal approaches, full-scale data and small-scale laboratory tests as
they pertain to the estimate of forces due to impact of moving 1ce on

piles, plers and towers.,

Those reports which describe problems relating to uplift forces 1nclude:

(6)

boud (1978) measured the uplift forces on a series of marine piles
whilich were prone to lce-jacking caused by the vertical movement of the
1ce sheets, These piles were 1in freshwater 1ce.

wortley (1984), in an engineering manual for the design of small craft
harbours for 1ce conditions, has reported many examples of severe up-
L1ft of multi-legged plers due to ice action.

vershiniv et al. (1983) measured the uplift forces on the cylindrical
supports of an offshore oil well platform due to an ice cover subjec-
ted to changes 1n water level, They found that the experimental

values were several times higher than that computed accordina to the

Russian Regulations Code.
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6.0 Summary

In this paper, the ice forces on multi-legged structures have been review-
ed. This was done by assuming a typical platform design and ice conditions
and calculating the ice forces and ice behaviour (failure modes) for this
situation. The results of model tests were reviewed to give 1insight into
the 1nterference effects between the legs. A listing of studies of ice be-
haviour around full-scale multi-legged structures was given. The review
clearly shows that the present day level of knowledge is very unsatisfac-
tory such that there are many uncertainties in the prediction of the 1ice
loads on these types of structures. Much more work could be done in this,
especially with regard to the leg interference effects of full platforms,
the vertical loads due tc tidal action, and the ice loads and ice jamming

around the structure in broken pack ice.
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;; ABSTRACT This is a review of work on bending and buckling falilure of
- 100 R g g

- floating ice sheets, along with the forces generated during ice/structure
" g

interaction. The focus 1s on the work published after 1980. FEstimation

o~ of ice forces as a result of bending and buckling failure of an ice sheet
P
’i; can be made with a falr degree of confidence when the ice/structure

.

x X

interaction leads to one of the two modes of failure. The problem of

TR

multimodal failure of floating ice sheets needs further study.
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~ L. INTRODUCTION
By~
- The relative motion hetween 4n fce sheer and a structure generates
L= i . R
B forvees, which are generaily catled {ce forces. For the desizn of struc-
! tures that dre to he place! {0 an ice environment, the ice forces have to
-~ he eatinated on the hasis of eavironmental Jdata and ice conditinns. The
SN
.ty desizn forces are penerally liaited to the torces required to fail an ice
::f sheet. These forces Jdepent upia the structure geometry (width, slope,
) etc.), the ilee conditions (thickness, rloe size, strength, etc.), and the
L -
.~ - wde of ice failure (beuding, huexling, crushing, or mixed mode). The
é -‘.‘.- . .
o mode in which an ice sheet fails depeads upon many factors, such as the
"N fce thickuess and propertioes, the structucre width, relative velocity, and
e
i the slope or the structure.
1Y
:{ in this review, oaly the bending and buckling failure of floating
-
;h lce sheets will he discussed, along with the forces generated during ice/
i ..
‘. SE it e : R )
~ strmiciure interaction.  The focus will be on the work published after
e . . .
Y 1980, sinco earlier work was reported in the first state-of-the-art
el 3 3 v 1yt . o -
- review by the TANR Working Group on Ice Forces on Structures (Croasdale,
- 1985, Soivi aad Necel, 1980).  The beading tallure of ice sheets and
‘e ridpes has been partially covered in the second state-of-the-art review
( (Sodhi «nd Kovacs, 19484; Xrankkala and Maattanen, 1984).
k.- 2. BENDING OF FLOATING ICE SHEETS
B~ Tee/=tructure interaction probhlems are characterized by edge loading
-
.
B of an lce sheet, as opposed to static or moving load on an ice sheet,
- where tne load {s generally applied vertically in the middle of an ice
Al floe away Irom the boundary. Because the problemn of static and moving
w, -
Pl . .
- 1nads nn an {re sheet descerves a separate review, that subject is not
N
o included here. The prohlem of ice/structure interaction may be divided
®
AN into two phases: {nitlal deformation, follnwed by the failure of the ice
o 0
- sheet. i
- When an {ce sheet s pushed against a vertical or sloping structure,
2y the {nitial deformation in the {-e sheet depends upon the {ce bhehavior:
Qo elastlc or inelastic. When the relative velocity hetween an {ce sheet
- and a stracture ts high, the assumption o7 ice behaving as an elastic
¢}3 material produces good resalits. For low relative velocity the behavior
' B
7l of ice (s inelastic anl the fallnre phase of ice/srracture interaction 1is
;i not clearly defined. For a verv olgh relative velaocity, inertial forces
i
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play an i{mportant role in that the failure modes of an ice sheet may
differ significantly from those at low relative velocity.

The estimation of fice forces by elastic analysis is generally accom-
plished by determining the forces required to initiate fallure. If the
ice fails in brittle mode, the elasticity method generally provides a
good estimation of ice forces, whereas the plasticity method yields good
results for the ductile failure of ice. 1In plastic limit analysis, ice
forces are estimated by equating the rate of work done by external forces
to the rate of energy dissipation in the ice, which is assumed to have a
velocity field similar to that for actual failure mode. For the buckling
problem, the forces required to buckle a floating ice sheet may be
obtained by conducting an elastlc or viscoelastic analysis, depending on
the rate of 1ice movement.

For elastic analysis, the differential equation that governs the
transverse displacement of a floatling ice sheet during an lce/structure

interaction may be written as:

ap hw+Duw w . +o gw=0 (for 1, j =1,2) (1)

RTINS

where p and p, are the ice and water densities respectively, h is the

{ce thickness, a 1s a factor to account for the added mass of water, w 1is
the transverse displacement of the ice sheet, D is the flexural rigidity
of the ice sheet (to be discussed later), Njj is the in-plane stress
components, and g is the gravitational acceleration. In the above equa-
tion, the dots refer to differentiation with respect to time and the com-
nas refer to differentiation with respect to spatial coordinates (x;,

X3 ). The convention of summing repeated indices {s adopted here. Factor
a accounts for the inertial forces of water below the ice; its value 1is
generally assumed to be between 1 and 2.

Equation (1) states an equilibrium between different type of vertic-
al forces at a polnt (x;,x;) of the floating fce sheet. The first term
accounts for the inertial forces, the second term the elastic forces, the
third term the in-plane forces, and the fourth term the change in bouy-

ancy forces. Depending upon the s{tuation and problem at hand, the above

equation may be simplified by excluding the first and third terms. For
instance, a simple flexure problem may be analyzed by retaining only the
second and the fourth terms. 1If in-plane forces are preseant, the third
term should be retained to account for the contribution of in-plane forc-

es to the equilibrium of the {ce sheet. The first term, dealing with
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inertial forces, is retained only for those ice/structure Interaction
problems where the relative velocity {s high. Further simplifications
may be offered if the problem can bhe formulated as a one-dimensional as
opposed to a two-dimensional problem, e.g. a beam on an elastic founda-
tion (Hetenyi, 1946; Nevel, 1983).

For viscoelastic analysis, the above equation may be written to
include inelastic constitutive laws relating rates of stresses and
strains. Due to nonlinearities, the inelastic analyses are conducted in
incremental steps, and the solution i{s iterated to converge at each step.

Even though an ice sheet is transversely anisotropic, it is isotrop-
fc in 1ts horizontal plane, 1.e. 1in the x; - x, plane. One single factor
that influences the bending deformation of the {ice sheet {s the charac-
teristic length of floating ice, defined as L = (D/pwg)1/4. Because
tt has a dimension of length, it is convenient to normalize the spatial
coordinates with respect to the characteristic length.

The flexural rigidity is an integrated quantity defined as

h
2 g
D___{ _Z__._(_z)_dz

(2)
~h, (1-v?)

where E(z) is the modulus of elasticity at a polnt that is at vertical
distance z from the neutral surface, V is the Poisson's ratio, and h; and
h, are the distances of the bottom and top surfaces, respectively, from
the neutral surface. The neutral surface 1s defined as the surface where

there is zero strain or stress due to bending, and its position from the

top surface (hy) can be determined from the following equation:

7
[ zE(z)dz = 0 (3)
h, =h
If the elastic modulus 1s assumed to be constant through the ice
thickness, the neutral surface will be located in the middle of the 1ice

sheet and the characteristic length can be defined as

SNSRI P A R

3

L =TEnd/12(1-v2)p g‘l/4
w

EEY

The elastic modulus calculated by the use of the equation is termed the
effective elastic modulus, implying that {t 1s an approximation to inte-
grated values. However, the elastic modulus varies across the thickness

of the lce sheet because of temperature variation and other factors.
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Kerr and Palmer (1972) derived a set of equations for the bending of
floating 1ice sheets, In which they assumed a variation of elastic modulus
as a result of temperature variation across the thickness of the ice
sheet. They concluded that the formulations for ice sheet bending are
the same as those for the corresponding homogeneous problems, if a modi-
fied flexural rigldity is used. They also gave some examples of the non-
linear stress distribution across the thickness of the ice sheet.

In a recent review of ice properties, Cox and Weeks (1985) developed
a combined ice temperature-ice salinity model to generate profiles of
mechanical properties for undeformed, snow-free, first-year sea ice in
the Arctic Basin. The predicted profiles give composite plate properties
that are significantly different from bulk properties obtained by assum-
ing homogeneous plates. Figure 1 shows stress distribution across the
thickness due to bending moment at the root of a cantilever beam. TFigure

2a shows the location of the neutral surface with respect to the ice

Stress (arbitrary units)
-10 -5 0 5 12

T

20

Depth {cm)

Figure 1. Comparison

of stress distributions
across the thickness due
to bending at the root
of a cantilever bean.
Straight line represents
a linear distribution
for homogeneous, elastic
material and the other
line a nonlinear distri-
bution as a result of
the variation in elastic
modulus (from Cox and
100 1 Weeks, 1985).
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Figure 2a. Plot of dimensionless ratio h2/h (distance of neutral sur-
face from the top surface/total thickness) versus ice thickness from
Cox and Weeks, 1985).
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Figure 2b. Plot of the ratio of characteristic lengths assuming
constant and variable elastic modull versus ice thickness (from
> Cox and Weeks, 1985).
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thickness. In Figure 2b, the ratio of characteristic lengths, assuming

constant and variable elastic moduli, 1is plotted with respect to ice
thickness. 1In addition, the fallure strength profiles give maximum
strengths In the interior of the sheet as contrasted with the usual
assunption of maximum strength at the cold, upper ice surface. Coupled
with the fact that the stress distribution during flexure of the ice
sheet 1{s nonlinear across the thickness, it becomes complicated to pre-
dict the onset of faflure. Cox and Weeks also concluded that ice proper-
ties can be taken as a simple function of ice thickness and that the
property profiles do not appear to be sensitive as to when a given thick-
ness of ice started to form.

Some of the fundamental questions on flexure of saline, columnar ice
are belng aunswered through systematic laboratory tests. For example,
Lainey and Tinawi (198l) found the dependence of flexural strength and
elastic modulus on stress rate and temperature by conducting four-point
bending tests on ice beams. Murat aand Degrange (1983) conducted four-
point bending tests to obtain the creep properties of sea ice. Lainey
and Tinawi (1983) and Tinawi and Gagnon (1984) found that because of the
anisotropy of columnar ice, shear deformation — as opposed to bending --
contributes significantly to the long-term deformation of floating ice

sheets.
3. BENDING FAILURE

Since 1980, most of the work to predict ice forces as a result of
bending failure of ice sheets has been small-scale experimental studies
either to verify existing theoretical results or Lo support new theoreti-
cal findings. 1In small-scale (or model) experiments, the dimensions and
properties of 1ice sheets are reduced by a certain scale factor. These
ice sheets are pushed against slopling model structures while monitoring
the interaction forces. The 1ice forces during ice action against sloping
gtructures can be divided into two parts: ice hreaking and ire clearing.
If the {ce 1s unable to ride up and go around the structure, ice blocks
accumulate in the form of a rubble field upstream of the structure. This
often happens in the case of a wide structure, and the advancing ice
sheet may then interact with the rubble field instead of the structure.

In model experiments lnvolving bending failure, the ice forces are
generally normalized with the product of flexural strength and the square

of lce thickness. Therefore, it ls appropriate to present here a fow
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comments on flexural strength. Though 1t {s intended to be a measure of
tensile strength, flexural strenzth i{s at best an index value. Because

of the simplicitv of conducting cintilever tests {n situ in the labora-

tory, flexural strength i{s a useful parameter to describe the properties
of ice sheets. It has bheen {ound -- both in the field and in the labora-
rory —-that in the case of sea ice and doped wmodel lce, the flexural
strength deterazined from cantilever aad siuple beam tests 4re the same

(Vaudrey, 1977; Timco, 1Y983). This is not the case when [reshwater ice

is tested by these two methods: strengths from simple beam tests are :
greater than those from cantilever tests (Gow, 1977; Frederking and Svec, "

1985) because of the strz2ss concentration aoffects due to the hrittie
behavior of freshwater ice, which are no' present for sea and nodel ize
due to thelr ductile behavior.

The flexural strengths In upward and Jownward hending are alnost ;
equal for first-year sea ize (Vaudrey, 1977) but difter considerably for
model ice. The ratio of these strengths is about 2 for urea-doped model
{ce; the difference {s attributed tc the growth of a fiase-grained laver
at the top (Hirayvama, [983; Timco, 1993; Vamaguchi et al., 19R6). It is
therefore conventional t) measure the flexnral strength of model {ce in .
upward or dowaward bendfng depending on how the Lce breaking tikes place

T2

i1 a glven lce/structure interaction.

Recent studles by Tozawa and Taguchi {1936) on {reshwatar {ce speci- 1
men {adicatos that {aternal flaws have an effect on the flexural
strength, wnlicn was found to decrease with the Increase in specimen size
(exhibiting scale effects) and was found to be distributed accerding to
\

the Weibull model within each group of specimens.
A hrief discussion fs presented below for each group f studles re-
lated to ifce/stracture [nteraction where bending fallure of the ice sheet

was the primary failure mode.

fa) Niscrere Flement Methnd

Bes{des theoretic-al studies conducted ia conjunction with qmall-
scale experimental studies, ~he diccrate element methed has beea a new
trol ty study lce/structure interaction. Yoashimara and Kamesakx! ({930
preseated an outline »f rhe discrete »olement method and <tated that a
gond aareement was obtalned betweon theoretical and experimental results

for the ~ase of a cone/sheet—-{ce Interaction. Stmilar clatms “ave hoen

made hy Hoeking er . (1985a,h) who stadled the farerictiog of e

-
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sheets and ridges with artificial islands and conical structures, respec-—
tively. Because thils analytical tool has much to offer, we will perhaps
see more results in the future as more researchers use it to analyze 1ce/

structure interaction.

(b) Sloping Structures

Haynes et al. (1983) conducted small-scale experiments by pushiag
model ice sheets agalnst narrow structures with various slope angles fronm
the horizontal. A relationship between the non-dimensional force and the
slope angle was found, as shown in Figure 3. The constant of proportion-
ality agrees with the theoretical results of the two-dimensional analysis
of Croasdale (1980). During those tests, the speed of the ice was in-
creased steadily from 0 to 10 cm/s. Although the speed did not have any
effect on the I{ce forces caused by the bending faflure of the ice sheet,

it had the dramatic effect of changing the failure mode from bending to
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Figure 3. Plot of normalized ice force (F/"fhz)
on a narrow, ianclined structure versus slope angle
(7). Solid line {s the best-fit curve through the
experimental data (dots), and its equation is
F/vfhz = 1.78 taa( %), where F {s the peak ice
force, ¢ is the flexural streogth, h is the ice
thickness and *+ the friction angle between ice and
structure (from Haynes et al., 19813).
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shear or crushing. The speed at which the transition in failure mode

took pluace was found to increase wlth the increase in the slope angle

When the {ce speed is low, the vertical forces generated during Inter-

Aaction are primarily caused by the welght and the elastic forces from a
portion of the i(ce sheet near the contact area. As the lce speed in-
creases, the kxianematlics of the lnteractlion requires high acceleration of
the f{ce sheet and water in the vertical direction during lifting, causing

I

facreased inertial forces to develop at the contact area. When the forc-
es required to lift the {ce sheet uxceed the force required to cause the
fce sheet fallure in shear or In crushing, a traansition in the fallure
aode takes place.  Such transitions in failure mode have also been
abserved by others (Lipsett and Gerard, 1980; Schwarz, 1985).

An exhaustive study of ice {nteraction with sloping structures of
differcat widrhs was conducted by Timco (1984) and Frederking and Timco
(19%5). They proposed that the total ice force can be divided i{nto forc-
es required for breaking the ice sheet, rotating the broken ice blocks,
and sliding ice blocks on the structure. They obtalned good agreement
between the theoretical and experimental results for the individual force
coaponents, bhut the theoretical total force was higher than the total
neasur:d torce. The discrepancy was attributed to the fact that the
theoretical force was calculated by summing the peak values of each force
component, when In fact it {is not possible for all peak forces to occur
simultanenusly.

(¢) Confcal Structures

Many experimental studles were conducted to investigate the depend-
ence of {ce forces when a conical structure interacts with an {ce sheet
wd a4 multiyear pressurz ridge. Theoretical results for the above inter-
1ction were ziven by Ralston (1977, 1979), Abdelnour (1981), and Wang
{1934).

Sodhi =t al. (1985) conducted tests with a 45° upward-breaking coni-
sal stracture that had diameters of 1.5 m at the waterline and 0.33 m at
the tope The tests were conducted at different speeds and at two coeffi-
cients ot friction.  They found a good agreement between experimental and
thear tleql (Ralston, 1977) results for different coefficltents of fric-
sl and no apprentahle effeet of velocity on the lce forces. On the
Nasts o of spectral analvsls of the force signal, they found that the size
¥ the InftTal hending fallure {s about one-third of the charact:ristic
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Hirayama and Obara (1986) conducted a systematic serles of tests
with contcal structures of different slopes and sizes using freshwater
and urea-doped 1ce. Thelr results agreed with the experimental results
of others and with the theoretical results of Ralston (1977).

Field and model studles were coaducted by researchers In Finland
(Madattidnen and Mustamake, 1985; Hoikkanen, 1985) to observe ice fallure
modes against a conical structure and to measure the {ce forces. The
model study was launched to duplicate the i{ce/structure interaction
observed in the field. The {ce forces iin the field were measured by
{nstrumenting a 10-m-diameter, 55°-slope-angle, conical structure at Kemi
I lighthouse, located in the northern part of Gulf of Bothnta. The fail-
ure modes observed in the fleld were bending at low relative velocity and
shearing/crushing at high relative velocity. TIce blocks accumulated
upstream of the structure. In most model tests, this type of fallure has
not been observed unless the tests were conducted at high speeds
(Schwarz, 1985). As Radston (1977) developed his formulation based on
observations made in model tests, its applicability may be limited to
smallerv conical structures where the broken ice sheet 1is able to clear
the structure.

Abdelnour (1981) presented the results of both theoretical and
experimental studles for the ice forces generated during lateractfon of
multiyear ridges with a conical structure. Ralston (1977) had pointed
out that a ridge of finite length may induce a higher {ce force on a
conlcal structure than an infinitely long ridge. Abdelnour (1981) pre-
sented expressions for the ice forces when a multiyear ridge of fiaite
length develops "center” and "hinge"” cracks. The expressions for fce
forces were derived assuming elastic behavior of the ridge. Wang (1984)
presented a formulation for the above problem using plastic limit analy-
sis. He assumed different velocity fields for different lengths of
ridges, in which both bending and twisting of the ridge were possible.
While comparing theoretical results from elast{city and plasticity
methods with those from tests with wax model tce (Abdelnour, 1981) and
with natural saline ice (Verity, 1975), Wang found that the elastlcity
method underestimates the experimental results whereas the plasticity
method overestimates them. The reason was attributed to the difference
fn failure criteria used f{n the two methods. 1In the elasticlty method,
the ridge materfal {s assumed to be brittle-elastic, whereas for the

plasticlty method the lce hehavior {3 assumed to be clastic-plasttc. 1In
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the first case, there is assumed to be no residual strength left after
tre faflure, whereas full strength 1s assumed to be present while failure
progresses in the plasticity method. The actual situation {s in between

the two assunptions.
4. BUCKLING OF FLOATING [CE SHEETS

A review of theoretical analyses was presented by Sodhi and Nevel
{1980) tn which only elastic buckling analyses of floating ice sheets
were discussed. In elastic stabilitv analysis, a floating ice sheet {is
assumed to he a bheam or a plate resting on an elastic foundation — an
assumption that is valid as long as the top surface of an ice sheet does
not submerge helow the water or the bottom surface does not emerge out of
the water. For determining buckling loads, these assumptions are ade-
auate because the deflectfons of an {ce sheet are assumed to be small.
The objective of a linear elastic stability analysis is to determine the
bifurcation load when an {ce sheet Is pushed against a vertical struc-
ture.

Kerr (1980) showed that the buckling loads are lower for large de-
flections »f an lce sheet than linear elastic buckling loads. While it
is realized that the buckling loads are sensitive to lmperfections both
in terms of thickness variations and eccentricity c¢f in-plane load, no
studv has been conducted to determine quantitatively the effects of such
faperfections on the buckling loads.

The ma jor contributions in this area of research since 1980 consist
mafnly of a few experimental studies and theoretfcal analyses. The
experimental studies were conducted to confirm the results of earlier
theoretical studles and to verify the rasults of dynamic and elastic
huckling analyses of wedge-shaped floating ice sheets. Both elastic and
dynam{c buckling analyses cover the range of relative speeds of ice, with
respect to structares, that can be characterized as high speeds where the
behavior of fece can be assumed to be elastic. For very high speeds, the
fnertf{a of the ice sheet plays an important role in its deformation of
{-e sheets such that a higher order mode is induced, leading to a higher
hackling load thaa the linear elastic buckling load. However, when the
relative speed between lce and structure is very low, the {ce behavior is
inelaistic and {3 best described by nonlinear creep equations. 1In such
~ases, 1 floating lce sheet can huckle under much lower loads than for

Tnear olastie buckling., The amplitude of a buckled ice sheet gzrows
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gradually with time. Although analysis of creep buckling of floating fce
sheets is an important contribution, no systematic study has been con-

ducted to determine buckling loads as a function of relative velocity and

PP .

the parameters characterizing 1ce properties In the creep regime.
A brief discussion is presented below of the studies not included

in the earlier review by Sodhi and Nevel (1980).

(a) Experimental Studles

Michel and Blanchet (1983) did indentation tests with columnar ice
sheets and found that the ice sheet buckled when the aspect ratio (d/h)
was high. During their tests, they had observed that two or aore radial
cracks would emanate from the edge of theilr flat indentor and that ice
sheets would buckle forming a clrcumferential crack. The buckling loads
from thelr tests agreed with the theoretical results of earlier studies
(Sodht and Hamza, 1977; Kerr, 1978).

Sodhi et al. (1983) conducted an experimental study to verify the
results of theoretical analyses for a wide range of structure-width-to-

characteristic-length ratios. In Figure 4, the results of the experi-

I'T(‘mf TITTL ST Y ttyrrey TOT vy T oty
! P-Buckling L ood '
| K:=Specific Weight of Water
: B Width nf Structure i
; ‘ L =Charactenistic { ength of
' | Ftoohng Ice Sheet
i
100 o
P
KBL
L 4
10;
5 ]
[ p
g}
‘ Frictionless
F [SR I SN I B VT ORI RV O O V0 ') S B B SN BT | [ IlJllE
00l Ol 1.0 10 100
B/L

Figure 4. Comparison of experimental and theo~
retical buckling loads. Heavy lines: theoreti-
cal results (Sodhi, 1979); circles: experimen-
tal results (Sodhi et al., 1983).
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mental study is presented in non-dimensional form. Most of the experi-
mental data points lie between the theoretical values of normalized buck-
ling loads for frictionless and hinged boundary conditions, which repre-
sented the extreme situations for ice/structure contact during the ex-
periments. In those experiments, a frictionless boundary condition could
be consldered as one for which no frictional resistance was developed
between the ice edge and the structure when the ice edge moved or
deflected {n the vertical direction. A hinged boundary condition would
have required complete restraint of the ice sheet agalnst vertical de-
flection at the line of contact with the structure. For both boundary
conditions, the lce sheet was free to rotate at the edge as there was no
restraining moment. Because there was no control over the bouadary con-
ditions during the experiments, the agreement between the experimental

and theoretical buckling loads 1s considered to be good for a wide range

A

of structure-width-to-characteristic-length ratios. However, there was

*
]
R

oL

considerable scatter in the data for the experiments in which the rela-

tive velocity between ice and structure was lncreased from 0 to 10 cm/s.

't
S A

In a later study, Sodhi (1983) showed both theoretically and experiment-
ally that the dynamic buckling load of a floating ice sheet Increases
with the increase in relative velocity.

In subsequent experimental studies by Sodhi and Adley (1984) on
wedge—-shaped ice sheets, a 3-mm-thick rubber pad was glued to the struc-
ture face to induce a hinged boundary condition at the ice/structure
interface. The ice edge was carefully prepared parallel to a 1.83-m-wide
structure to ensure uniform contact along the whole width. The rubber
pad prevented the ice edge from moving up or down, and the ice sheet was
free to rotate about the line of contact. The tests were conducted at a
constant relative velocity of 1 cm/s. The results of that study are
shown in Figure 5 along with the results of theoretical analysis for a
particalar ratio of structure width to characteristic length. The over-
all agreement between theoretical and experimental results Is good. The
discrepency between the two results may be attributed to the varying
values of structure-width-to-characteristic-length (B/L) ratios in the
experiments.

Using the results of Sodhi (1979), plots of nondimensional buckling

:t:.: : '
MSENTUNNINY X

loads versus wedge angle a are glven in Figure 6 for different boundary

N conditinons at the ice/structure interface and for difficult ratfos of
u
<Y
o striucture width to characteristic length (B/L).
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Figure 5. Plot of non-dimensional buckling load versus wedge-
angle a. The solid and dashed lines represent theoretical
results for a ratio of structure width to characteristic

length equal to 4.3. See Figure 4 for explanation of symbols
(from Sodhi and Adley, 1984).
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Figure 6. Plot of non-dimensional buckling load (P/BKLZ)

versus included angle (a) for different boundary conditions

at the ice/structure interface and for different ratios of

structure width to characteristic length (B/L). See Figure

4 for explanation of symbols (from Sodhi and Adley, 1984).
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:;f vhiet s foe sheet 18 pushed against two or wore vertical cvlindrical
:if sTraciares, Cteve say be individual zones of buckling around each struc-
:%; tare e vonbined zone of buckled ice sheet across two or wmore struc-—
L
;' cores. e aag Sodhi (1934) conducted experiments by pushiag a pair of
;?_ eondricsl voertical structures through model urea {ce. They found a
,;Sj soont agreenicnl hetweea theoretical and experimental results when there
:Ez ~as A siapie sone of buckling around each structure. lHowever, the data
(ﬁ Lor e cemhined mode of buckling across two structures placed near each
lh: othier was conststentlv below the theoretical values. When the width of
,:f Chee haowled loe sheer was taken to be equal to the distance between
ﬁ:; cenlers plasd toe structure dlameter, a good agreement was fonnd between
F ) the theoretioal and experimental results.
Y
:;5 h) Creep Backling of Floating Ice Sheets
:: Siviind (1984) presented a viscoelastic buckling analysls of beams
-E and nlates resting on an elastic foundation. He used the nonlinear creep
.!! powes law to relate states of stress to strain rate, and the finite
_f: nlemeat mathod to Integrate the equations with respect to tlme.
,i; Sjlind (1984, 1985) presented results of a few numerical examples

on beam and plate buckling. The parameters chosen for the plate on

r

T

2lastic foundations were somewhat similar to those for a floating lce

E:: siteet. In the example, the lce sheet has a far~-field velocity of 3.75

E? mm/s and athickness of 0.2 m, [nteracting with a 4-m-dlameter structure.

;ﬁ; Although the velocity considered in this example is much less than that
in any experimental study, the load between the {ce sheet and the struc-

';{ rare developed to a2 maximum value and remained almost constant with a

.E; slight decreasing trend with respect to maximum deflection. The nondi-

*: mens=iaonal hucicling load was almost close to the one from elastic buckling

° analysls for the same structure-width-to-characteristic-length ratio and

for the same boundary condition (fixed, {n this case). This suggests

Et that when the far-field veloclity 1s high, the resulting buckling loads
i re abont the same value as the elastlc buckling load.

g_ sjolind showed that creep buckling of beams on elastic foundations
;S can tarve place at loads less than those for elastic buckling. Though f{t

v

was not shown explicitly, it is expected that buckling of the {ce sheet

can also take place at in-plane loads lower than the elastic buckling

; L] -'
(A AN N

:! ioad. In such cases, the deformatfon of the lce sheet occurs aver a long
ﬂ
o
,: tine. Examples of creep buckling of the ice sheet may be found in nature
2

@ M,
o
&

D I

[N




Ty y Y
Pad M S
AR e

T
A .

<

MR tad Gad dal Sat Sad Mg Son Sad Ak S 4t atl ges o

%
,

Figure 7. Photograph of a buckled ice sheet near the
North Pole (39°N, 70°W) in March/April 1984 (courtesy
Nordlund, 1985).

when there is steady pressure on ice sheet that {s prevented by an island
from drifting Flgure 7 shows a photograph of a buckled floating 1ice
sheet (Nordlund, 1985) that was taken near the North Pole (89°N, 70°W) in
March/April 1984, during the Finnish expedition to the North Pole on skis
(Nordlund et al., 1985). The buckled i{ce sheet had an amplitude from
trough to crest of approximately 1.6 m (5 ft). The following descriptlion
was provided to the author by Nordlund: “The {ce was very plastic at an
alr temperature of approximately -40°C. There were no cracks in the ice
and there was a0 water on the ice.” This description suggests that the
{ce sheet may have undergone creep deformatlion. Though ice thickness was
not measured, it was thi~k znough to support four persons with their
sledges. That a floating fce sheet can buckle to such high amplitude
without cracking 1s noteworthy. An important point to note {s that,
should the far-fleld stress increase suddenly, such a buckled 1ce sheet

nay fatl easily in continued bending or buckling, possibly starting to
build a ridee.

Most of the work related to ice forces due to the bending and buck-
ling faflure of the ice sheet has been small-scale experimental studlies
to verifv existing theoretical results. A few theoretical studles and
one or two field studles were conducted.

In bending fallure, most of the work has been done on the determina-

tion of 1ce forces from sheet {ce and ridges against conlcal structures.
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Bending failure agalnst sloping structures has been studied both theo-
retically and experimentally. When the ice velocity is high, the fatlure
mode during the interaction of an ice sheet with a sloping structure is
crushing or shear and not bending as might have been expected. There is
a need to study this problem because a change in fatlure mode can induce
forces that wmay exceed the intended design forces for bending fallure.

In buckling failure, the results of an experimental study were
reported in which overall agreement was found between buckling loads from
experiments and linear buckling analysis. Later, more experimental and
theoretical studies were conducted to determine dynamic buckling loads of
floating Ice sheets and buckling loads of wedge-shaped floating ice
sheets. An Iimportant contribution was made to prelict the creep buckling
load. This 1s important because ice can deform ~unsiderably by creep
under low levels of In-plane load, as observed near the North Pole.
Should the In-plane force increase, it can easily lead to fallure of de-
formed {ce sheets resulting perhaps {n the start of a ridge formation.

Estimation of ice forces as a result of bending and buckling failure
of an ice sheet can be made with a fair degree of confidence when the
ice/structure interaction leads to one of the two modes of failure. How-
ever, aore work is needed to predict the forces due to multimodal ice

failure.
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‘ A wide range of published data on ice forces 1is presented, and peak !
v.. i
indentation pressure is plotted as a function of (a) contact area and (b) !
- :
S aspect ratio. Peak pressures appear to vary inversely with square root |
of contact area and show some possible dependence on aspec! ratio. It is

4o,

difficult to account for this by arguments concerning flaws, but an

explanation based on non-simultaneous failure appears promising.
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l. INTRODUCTION

#

It is well known that as ice interacts with structures it displays a

o pronounced scale-effect (Xry, 1979a; 1lyer, 1983; Vivatrat and Slomski,
l. 1983; Sanderson, 1984). That 1is: peak pressures measured over small
gi areas such as we test in tne laboratory ( ~ 0.0l m<) are higher than peak
;;: pressures over large areas such as we encounter on full-scale structures
ii: (~ 100 mi). The first plot of pressure as a function of contact area was

made by Danielewicz and Metyge (1981).

Here I review a large range of published data for indentation of ice and

plot it in raw form as a function of

(a) contact area

(b) aspect ratio

Both area and aspect ratio have in the literature been referred to as

being responsible for a "scale-effect”. They are however quite different

effects, and although they may both be influential they must be

distinguished.

2. INDENTATION GEOMETRY

The data plotted are for edge indentation. The tests carried out may be

divided into two indentation geometries:

T. 2-dimensional indentation (Figure 1la), in which indentation occurs
over the full thickness of an ice sample, and the stress state is

biaxial.

» . . . P

™ IT. 3-dimensional indentation (Figure 1bH), in which a limited extent of
o .

- the thickness 1is indented. In this case the stress state is
-

:. triaxial.

-

o

S Ylost tests are of type 1. However, data from ice-breawers and impact

hammer experiments generally fall into type 17T.
16

. --.‘- --- i .'f ‘- '.’.\ } ' \:"
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., Figure 1 Two indentation geometries:
-
. (a Type I, 2-dimenmsional 2dge ialent:tio», Piixiil
'._‘-
- strass state.
R (b)  Type II, 3-dimen;iomal edge indentation, Zriix’:.
g
> stress state.
o
.
-
o
2. 3. DATA: I - FULL THICKNESS INDENTATION
o
'.-‘
e
e We begin with data from tests of type I, full edge indentation. The
; pressure-area curve for these data 1is shown in Figure 2. This plot shows
"J' peak pressure ¢ (total force P divided by contact area Dt) as a function
-~ of contact area. The data set covers a wide variety of ice tvpes (§-2
\.-~
N ice, first year sea ice and multi-year ice) and a wide variety of test
\'-::: conditions (laboratory edge indentation, in situ jacking tests aud
LGN

interaction with lighthouses, offshore drilliang structure and islands).

None of the data are corrected in any way for temperature or salinity.

e, )2

AN
.

Despite such indiscriminate plotting of disparate data types there is a

useful general trend, as highlighted by the shaded areas in Figure 3.

et The data points fall naturally into 4 principal clusters, and come from
o the folleowing data sources:

- Laboratory tests

-'_‘

o

" These are small-scale laboratory indentation tests performed on
aniform bubble-free S-2. The data come from Hiravama aad others
) .97 4), Frederking and Gold (1975), Zabilansky and aothers (1975),
‘. vionel and o Toussalnt (1977), Kry (1979b), Michel and  ¥lanchet
.‘ ‘ , wd Timco (1986). They cover a range of aspect ratio (D/t)

oy M3

‘. Note that data from Kry (1979a) are not included in
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Figure 2, since they were performed with ice adfrozen to the

indentsor. They are, however, plotted in Figure 3.

Medium—scale tests

These include. various in situ jacking tests performed on floating
first year sea-ice, such as the "Nutcracker” tests (Croasdale, 1970,
1971), the Exxon large-scale strength tests (Lecourt and Benze,
1980, 1981) and Inoue and Koma (1985); tests on floating freshwater
lake 1ice (Croasdale, 1971; Taylor, 1973; Miller and others,
1974; Nakajima and others, 1981); measurements on river bridge
piers (Lipsett and Gerard, 1980); and sea ice data from lighthouses
Madttdnen 1981; Engelbrektson, 1983) and Cook Inlet structures

(klevkara, 1970).

Full-scale islands

This data group comes from Beaufort Sea artificial islands
surrounded by floating first-year ice (Metge, 1976; Strilchuk,
1977; Johnson and others, 1985) and from the first (1980) Hans
Island programme (Danielewicz and Metge, 1981). Data from the
second and third Hans Island programmes (Danielewicz and Metge,
1982; Danielewicz and Cornett, 1984) are at present still
proprietary but may of course be added to the plot as they become

available.

Meso—-scale models

In the course of modelling the large-scale dynamics of the Arctic
ficean and its ice cover it is necessary to make assumptions about
the gross "compressive strength” of polar pack ice (Pritchard, 1977,
1980; Hibler, 1980a, 1980b). The models used are generally based
on a grid-size of 40-125 km, in which ice movement 1s modelled as a
tunction of wind and sea current, Compressive strength (load per

anit lenpgth of {ce cover) is a parameter which can be adjusted n

rder to obtain a plausible match with observed bhehaviour. Values

htaiaed in this way are generally In the range 5 x 10° - 107 Nm ,

and reter ta o pack ice of highly variable thickness. In general the
30




mean 1ice thickness lies in the range 2.6 - 4.0 m, though it is
likely that 1ice strength is controlled by areas of thinner ice
(Rothrock, 1975). [t is not clear over what distance the large-
scale ice strength is effectively averaged (Croasdale, 1984) but for
present purposes we shall assume 2 length equal to the model grid-
size spacing. Thickness 1is assumed equal to average thickness,
yielding areas of the order 10° m<. Ice strength values are plotted
from Pritchard (1977, 1980), Hibler (1980a, 1980b) and Tucker and
Hibler (1981). Because there is considerable doubt over the ice
thickness and distance scale to which these results refer, the data
points used have been plotted with error bars representing a range

of a factor of 2.

DATA: I1 - TRIAXTAL INDENTATION

=~

Tests involving icebreakers and impact hammers generally involve a degree
of triaxial confinement: they are of type II, and involve geometry
resembling that of Figure 1(b). Pressures measured during such tests
might be expected to be higher than those of type 1. Figure 3 shows a
variety of such tests superimposed on the general trend of the data

groups of Figure 2. The data sources are as follows:

E. Icebreakers and impact hammer

Data are 1included from icebreakers impacting first-year ice (St.
John and Daley, 1984; St. John and others, 1984; Kujala and
Vuorio, 1985) and impacting multi-year ice (Ghoneim and Keinonen,
1983; Glen and Blount, 1984; St. John and Daley, 1984; St. John
and others, 1984; Edwards and others, unpublished). Results are

also plotted for impact hammer tests (Glen and Comfort, 1983).

In addition, T have added to this plot the data from Kry (1979a), in

which the ice was adfrozen to the indentor.

5. DISCUSSION: ASPECT RATIO OR SCALE ?

The plots of failure pressure versus contact area (Figures 2 and 3)

provide an apparently clear picture of scale dependence. The addition of
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points derived from icebreaker tests (Figure 3) only slightly alters the

picture: as expected, at small contact areas while indenting thick
multi-year ice (Glen and Blount, 1984), high degrees of confinement occur
and lead to higher local pressures. In general an upper bound curve with
dependence of approximately

A

JQ

provides an empirical fit to the data, at least for contact areas
exceeding 0.1 m2. A line of this slope is shown in Figure 3.

We see that for all tests carried out at full-scale on islands, (group C,
areas exceeding 100 m¢), measured pressures have been less than 1 MPa,

10-100 times less than those at laboratory scale.

The question arises, could this instead be an effect of aspect ratio
rather than size? The answer is unfortunately not clear-cut. Figure 4

shows all the data of the pressure-area curve (Figure 2) plotted instead
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as a function of aspect ratio D/t. The picture is more confused than
that of Figure 2, but again shows a perceptible trend, with peax

pressures generally falling off with increasing aspect ratio.

[t is not, however, an unambiguous dependence on aspect ratio, since the
only points available for very high aspect ratio (D/t greater than 100)
happen also to be points from very large size tests (areas exceeding
100 m?). This can be seen in Figure 5, where the points of Figure 4 are
subjected to the same grouping (A, B, C and D), as in Figure 3. The

results from Kry (1979a) are also included. The following points emerge:
1. Data groups C and D show generally lower pressures than groups A and
B, but it is ambiguous whether this is due to higher aspect ratio or

to large contact area.

2. Aspect ratio 1is certainly not the only factor responsible for the

stress reduction observed. For instance, at aspect ratio
, | |
| |

100 R B

A 7 adfrozen
A A

10 +

INDENTATION PRESSURE MPa

T
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approximately 10, peak stresses anywhere between 0.05 MPa and
6.5 MPa are observed - and the 1lower stresses are generally

associated with increasing contact area.

3. The data from Kry (1979a), in which 1ice was adfrozen to the
indentor, appear not to show any dependence on aspect ratio. This
is significant and lends weight, as we shall see 1in Section 6, to
the argument that scale effects, whether as a function of size or of
aspect ratio, may be due to effects of imperfect contact and non-

simultaneous failure.

6. THEORETICAL BASIS FOR SCALE EFFECTS

5.1 Flaws

[t is easy to call up general arguments to demonstrate why a brittle
material such as 1ice should display a scale effect (Iyer, 1983;
Sanderson, 1984; Bazant aad Kim, 1985). The arguments generally
concern, either explicitly or implicitly, the existence of flaws in the
material, and tacitly make the assumption that flaws increase in size as
sample size 1ncreases. The sample thus becomes weaker. It is worth
miaicing it perfectly clear what these assumptions are, since they are

arten hidden.

'msider the compressive failure of a laboratory sample of ice containing
population of flaws. The flaws may be micro-cracks, grain boundaries,
voany other imperfection which {s shown to behave as a flaw. The theory
v compressive fracture of a flawed sample is given by Hallam (1986, this
vodane s Vor illustration let us suppose the sample to be cublc of side

to have repular flaws of size 1 mm and a compressive strength of

o The  sample  is  then tested under uniaxial compression. A

e b this magnitade can be explained quite well by linear elastic
Tt it oot s Hal lam, 1980 ).,

bt an ideatoal test is pertormed on oa sample 100 times

e e twe simp e gssamptions which can be made  about

O T e R Thew are shown in Pigure 60a) and (b)),
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Figure 6 Sealing assumptions: (a) Material remains wniform

(b}  Geometric scaling of sample and material

(e) Statistical distribution of flaws

(a) Constant flaw size

Firstly, assume that the materfal of which the sample is made really
remalns precisely the same (Figure 6(a)) and continues to contain a
population of regular flaws of size 1 mm. In this case, a simple
fracture mechanics analysis would show that the compressive strength
remained unchanged, at 10 MPa: flaws remain the same size and so the

stress required to propagate them remains the same.

', Geometric scaling

Tty {nstead, the whole sample ts ostrictly scaled up geometrically, fits

it tioas iocladed (Pigure A(b)y), then the larger sample will contain
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flaws 100 times larger, that is, 100 mm long. In this case a fracture
mechanics analysis (or indeed a simple dimensional analysis) will show
that if the linear dimensions of the sample increase by a factor A then
the fracture strength will decrease by a factor X—%, (see, for instance,
Bazant and Kim, 1985). The strength of the sample shb-uld therefore
decrease by a factor of 10. Although this is a convenient demonstration
of a strength reduction of the order required, it is facile to claim that
it is a true explanation, for use of the geometric scaling law contains

the bold physical assumption that a larger sample contains larger

flaws. This may in fact be true, but if it is, it requires experimental

proof and cannot just be assumed. It would in fact be most odd if
doubling sample size automatically precisely doubled flaw size: it
actually implies that the material has changed. Nonetheless, it 1is

interesting to note that this explanation is still not quite sufficient
to explain the observed reduction of stress with area: simple scaling

would imply

while in fact we observe approximately (as in Figure 3):

-

(c) Statistical effects

Another class of scaling 1is shown schematically in Figure 6(c). This
contains the more realistic starting assumption that any material
contains a statistical population of flaws of various sizes. On
selecting a4 sample of larger size there is then a higher chance of it
containing flaws from the tail-ends of the statistical distribution.
There (s thus a higher chance of it containing larger flaws. This
arganent, developed originally by Weibull (1951) is apparently powerful,

but wis developed principallv for tensile fracture where the "weakest

THak™ concept applies and a4 siagle controllineg flaw is enough to lead to
complete fajlure. This s aot Leiouslv troe of  compressive fracture.
Howewer o 1f comprossive «<treay' o hehiives 1o the same wav we should expect
streagth o he g tanction ot vl eae Vot the torm,
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where b 1Is a statistical parameter characterising the flaw size

distribution. 1In terms of area A = A2 this reduces to

_3/
s « A 2b

So by experiment b is of the order of 3 if the Weibull treatment is
appropriate. This 1s consistent with values of 2-5 experimentally

determined by Gold (1972).

Again, the statistical argument summarised here needs both further
development and the provision of proof that flaws really do exist and

behave in an appropriate statistical fashion.

It is worth 1looking at the approximate flaw sizes required for the

argument to work:

(1) Small-to-medium scale tests (groups A & B of Figure 3) show
failure pressures of approximately 10 MPa. Assume that failure
is controlled by flaws of size approximately 1-5 mm (this

corresponds, for instance, to grain size).

(ii) Large scale tests, group C, show failure pressure of
approximately 0.5 MPa - a 20-fold reduction. On a simple
fracture mechanics argument, this would be achieved by flaws 400
times as big, or in the range 40-200 cm. There 1is, however, no
positive evidence that a sufficlently large number of flaws of
this size do indeed exist in naturally occurring first-year and
multi-year ice covers. If the argument from flaws is to be

believed, the existence of these flaws needs to be established.

(111) Meso-scale models, group D, show strength of the order 0.01 MPa,
or 1,000 times less than groups A & B. This would imply flaws of
size 1-5 km. Large as this may seem, it 1is actually quite
realistic, since on the scale of the entire Arctic Ocean, it is
likely that open leads and individual floes of size several
kilometres do indeed behave as flaws. Any flight across the
Arctic Ocean wi'l confirm that a sufficient number of such flaws

apparently exist.
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0.2 Non—-simultaneous failure - size effect

Several authors have presented analyses of the statistics of non-
simultaneous failure (Kry, 1980; Slomski and Vivatrat, 1983). These
analyses make use of the hypothesis that large-scale failure occurs by
successive fracture of independent zones (Figure 7a). The treatment is
probabilistic and looks at the statistical sum of individual stress time
series for a large number of zones. The statistical sum results in a
"smearing” of peak stresses and the conclusion that peak stresses over a
large multi-zone area should be lower than over the area of a single
zone. The manner of the reduction depends on the details of the

statistics used.

More recently, Ashby and others (1986) have presented an alternative
approach to non-simultaneous failure which 1is ©based on a simple
mechanical argument and backed up by experiments with brittle foams. As
we shall see, it gives a realistic dependence on contact area. 1
emphasize, however, that the argument 1is simplistic, and makes

assumptions which require experimental support. It proceeds as follows.

Consider an irregular block of thickness t in contact with an indentor of
width D (Figure 7). Assume that it can be idealised as a set of cubical
independent cells of dimension L. As each cell comes into contact with
the indentor, assume that a distance A can be moved before the cell fails
(this might correspond to critical displacement before flexural failure
or to critical strain before crushing failure - it does not matter). Let
the average force during this period of contact be FL over the area L¢ of
the cell coacerned. Now, the probability, p of a particular cell area

being in contact is
p = A/L

(where 4 is very much less than L, so that p is small). In the total

area of contact A = Dt, the number of cell areas n is

n = A/L- o

Now simple probability theory (Ashby and others, 1986 can he ased )

show that the expected number of contacting cells within the area v i~ np
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'.:_'_' and the standard deviation 1is approximately (np)%. If we take the 3-

_—y

standard deviation level as a reasonable extreme case, the maximum number

AL
s

of areas simultaneously in active contact is approximately:

YN S N
Tty

vy

T np + 3(np)* (2)
) or using equation (1) and (2),
r.': .
o A L3 %
Lot T L 1 +3 \A A) J
: 3
® L
-
o
.r“ The total force F resulting is then
s
4 F oA A
I Lt L3y
SO F = - 1 + 3 ia
. L
)
'
. and the indentation pressure : is
-
. F LY
“v = - 1 + 3 ‘ ‘ (3
-~ A . : AL (3
, L.
v
A
s Notioe that the seoond term of the equat ion demonstrates the observed
A
-.: fanctiocal depenadence on the Taverse squave root of area,
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- them). Nonetheless, this does seem to present a plausible model of
RN
“a: observed behaviour. Note that for very large contact areas, the stress
-.\
e levels off (here, to approximately 0.33 MPa), which is rather higher than
1
? W that found in meso-scale models.
.
AN
-:, The wmodel has, however, many shortcomings, and should not be regarded as
s
Ny 4 complete explanation. TIts defects are:
e
" o -
Lo 1. No satisfactory physical description of the zonal failure process is
:{~ given: the model is purely mechanical.
1%:
p = z. [t is assumed that a failed zone clears perfectly, allowing a drop
A
. Lo zeru stress.
T
N
5N
- - . . :
o 3. The value of o has heen fitted: work is needed to derive it as a
; function of a physical model of failure (for instance flexure).
e
jq 4. The statistical approach to peak stress is arbitrary: the selection
-
Cad - :
,: of 3 standard deviations from the mean needs justification or
S

refinement.

gy,

s

Eg .3 Non-simultaneous failure - aspect ratio effect

. It is 1interesting to Investigate the model of Ashby & others (1986) a
) little further, and investigate the possibility of aspect ratio effects.
'.:;

:j In the treatment of Section 6.2 above, we assumed that non-simultaneous
:; failure occurred 1n discrete zones of size L, whose size is independent
- of the size of ice feature concerned. The selection of a constant value
.S for L was quite arbitrary.

S

Suppose instead that =zone size 1is a function of {ce thi. noss
reasonable assumption {f, for {instance, falilure {s contr.. !
flexural mechanism. For simplicity, put L = t, and as-.»
distance & moved before failure {s 4 constant propor: i,

slze. Assume that each cell fall. 1t a pressare ©0 w0 0«

{ b4 L 2t il ) o
YA AT

as before, to be 15 "Pa.  The resultiay e ol

-
-

terme of aspect ratio:
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o=0Xr{(1+3 k——J% ) (5)

or, in terms of thickness and contact area:

o=05Xx(1+3 &é]% ) (6)
Equation (6) generates a family of pressure area curves for different
values of thickness t. For illustration, four of these curves are shown
in Figure 9(b), for thicknesses 0.0l1, 0.1 1.0 and 10 m. They are
compared with Figure 9(a) wnich shows data groups of the pressure area
curve classified in the same manner according to thickness. It can be
seen tha!’ there is a plausible resemblance between theoretical curves and

the data set, but some significant departures:

1. Very high pressures (15 MPa) are predicted for thick ice (1-10 m)
over areas of (1-100 m?). Such pressures have not been observed,

though this may be due to absence of data.

2. Poor agreement 1is apparently obtained for very small areas
(thickness 0.0l m and areas 107% - 1073 m?2). Predicted pressures

are too low.

There is obviously room for more investigation here. Non-simultaneous

failure appears to be a fruitful line of explanation, but many questions

remain unanswered.

7. CONCLUSIONS AND RECOMMENDATIONS

1. Experimental evidence from a wide range of sources shows that

ice failure pressure is strongly size-dependent.

2. Peak pressures appear to be proportional tu approximately the

inverse square root of contact area.

3. Some dependence on aspect ratio is also apparent, but aspect
ratio effects alone caunnot account for the scale dependence

observed.
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We can, for illustration, now put reasonable constants into this equation
and fit it to the observed data. First, suppose L ~ 1 m, which is the
order of size of ice fragment typically observed in the Arctic after a
failure event. Secondly, assume that Fis the force required to fail a
single cell area, is 15 MN (a pressure of 15 MPa, as generally observed
for data groups A & B). Now, we know that for area A = 200 m“ the peak
stress is approximately 0.8 MPa (group C). Substituting into Equation 3,
we can infer that we need 4 = 0.02 m;, or 2 cm. This represents the
distance a cell can move before failure, and 2 cm seems a reasonable

value. The resulting formula is then
o=o.33{1+/——1 (4)

which is valid for A»LZ2. For areas less than or equal to L?¢ we expect
pressure of the order of a single zone failure pressure, or 15 !MPa. This
resulting theoretical curve is shown in Figure 8, plotted over the data

of Figure 2. Note that the treatment is not strictly valid for A ~ L4,

It will be seen that it agrees well with the observed data (which is not

very surprising, since it is to a large degree empirically fitted to
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Figure 9 Aspect ratio effects:

¢ (a)  Pressure area curve data grouped according to
. ranges of ice thickness.

- (b) A& set of theoretical curves derived on the
q assumption that ice fails in units of size of the

’
J order of the ice thicknese, t, in metres.
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a?i‘ 4. Arguments concerning flaws require the existence of large
Vol
: : flaws. If the arguments are to be taken seriously, the
~~
ﬁ; existence of the flaws must be demonstrated.
Koo
,
= 5. A simple mechanical argument based on non-simultaneous failure
‘\v provides a plausible explanation. However, it is in need of
[},
t:ﬁ refinement and physical verification.
8]
P
f ol 6. Gaps in the data set exist in two ranges of contact area:
!:?
.’\.4
e (i) 0.01 - 0.1 m?
T
g
- (i1) 5 - 100 a?
N
)
K : Experiments should be performed to fill these gaps -
;7 especially in range (ii).
[
. 7. In order to resolve the question whether size or aspect ratio
o
‘in is responsible for the scale effect, it is desireable to have
o

13

tests performed at large size (~ 100 m2) but low aspect ratio

d——y

(1 or 2). Unfortunately this may not be tecinically feasible.
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ICE SCOUR SURVEYS, STATIST1ICS AND FORCES

by
T.R. Chari Faculty of Engineering & Aprplied Science St. John's
Memorial University of Newfcundland Newfoundland
Canada
J.V. Barrie Centre for Cold Ocean Resources Engineering AlB 3X5

Memorial University of Newfoundland

ABSTRACT

The problem of scouring by icebergs and ridge keels is of concern in
the planning and design of seabed installations for the offshore oil
industry. Side scan sonar surveys, observations using manned
submersibles, evaluation of the geological and geotechnical properties,
and mathematical and physical modeiling of the scour processes are some
of the methods currently used for understanding the problem of iceberg
scours. The different postulations of scour mechanics and the results of
observations in ditferent geological environments are reviewed in this
paper. Iceberg-seabed interactions also induce forces under the keel
which create additional stresses on structures buried below the zone of
maximum observed scours. This is an area of research to be pursued. A
brief review is given on the ongoing DIGS (Dynamics of Iceberg Grounding

and Scouring) experiments.
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INTRODUCT LON

lceberg scours are observed over much of the Canadian Atiantic
centinental shelt. [ceberg interaction with the seabed to create Jinear
scour marks was hypothesized by Charles Darwin (1855) and has been
identitied 1 the offshore by the development of sidescan sonar
technciogy in the 1970's. Iceberg scour marks appear in the form of
linear to carvilinear furrows and 2s pits, and occur over the entire
eastern Canadian continental shelf from Baffin Bay to the Scotiau Shelf
down to water depths of greater than 700 m. These marks vary markedlv in
size and morphology and can occur as seabed furrows up to 200 m wide, 10
m deep and over 10 km in length.

lce scours are formed by one of two agents which are significant in
seabed disturbance - icebergs and sea ice pressure ridge keels.

ive ridges originate from the rafting of sheets of sea ice under
pressure, wi.ch produce keels of a few metres to a few tens of metres
deep. These ravely exceed 40 m depth even in Arctic QOcean waters. Thus,
thev are signit.iant in seabed disturbance on shallow continental shelves
and in nearshore waters (Pelletier and Shearer 1972, Reimnitz and Barnes
1974, Kovacs and Mellor 1974, Wadhams 1975, Shearer and Blasco 1975,
lewis 19/%, Wahlgren 1979, Vilks 1979, Reimnitz and Kempena 1982, Weeks
et al 1983), On the other hand, thick glaciers and ice shelves which
calve in deep vaters produce large icebergs with drafts commonly in the
range »f 130 to 220 m (Dinsmore 1982, Hotzel and Miller 1983) or even
lurger Murray 1969). These keels are the principal agents for
ice-related disturbance of sediments on the offshore banks of eastern
Canada (Fig. 1). The resultant scours have been defined from sidescan
sunar records on the Scotian Shelf (King 1980), the western Grand Banks
(King 1976), nortiwestern Grand Banks (Amos and Barrie 1980, Fader and
Kivng 1981, lewis and Barrie 1981) Belle Isle Bank and the lLabrador Shelf
(Harris and Joltymore 1984, Gustajtis 1979, Barrie [980, Josenhans and
Barrie 1982, Svvitski et al 1983, Pereira et al 1985). On the Antarctica

shetl alse, similar scours are found (e.g. Orheim et al 1979, [ien 1981).

RELCT AN Ry SUOURS

Althoupl, ooy 50our mdrks are considered to he modern, many more are

ivterproend as begne relict, dating from an earlier geologi- ol period.

; Fheir forvevit. s aprarent trom studies of ancient (Pleistocene, scours
; tourd in lerwe: ian Trough (helderson et al 1973) and shelf (iien [983Y
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0 understanding of the mechanics of iceberg scouring.

:5 The analysis of change in scour morphology is important for several
i; fundamental reasons. Firstly, the dimensions of many scour marks are
;(' used in statistical analysis for determining the mean of extreme scour
;;: penetrations and for iceberg scour return periods. Morphological
't; dimensions, such as depth and width, determined from acoustical
SZ geophysical records, will be in error due to degradation unless the
|§ processes can be quantified. Secondly, scour marks can act as benchmarks
o against known processes of sediment erosion. This analysis may be
lsf undertaken by examining the interrelationship of scour marks and
\ﬁ sedimentary bedform features; subsequently, the age of a scour can be
,J determined from the age of the bedforms. Alternatively, sediment
.?J transport can be quantified if the scour mark is of knowa age. These
ii: techniques are useful in examining both the modern scouring and its
.i setting in terms of the sediment dynamic regime. Thirdly, ancient scour
‘: populations may degrade to such an extent that only residual features or
o turbate is left, and these are a key to their origin.

A study of the mechanics of ice-seabed interaction is necessary for

- estimating the maximum design burial depths for seabed installations. A
{“ mathematical analysis of the scour mechanics 1is also relevant in
& establishing the validity of the measured depths of modern scours
ZE vis-a-vis the largest icebergs observed, the geotechnical and geological
ﬁ:: properties of the seafloor, the general bathymetry, the environmental
s forces, and the bottom dynamics.
.ﬂ

S MECHANICS OF SCOURING

? When an ice keel comes in contact with the seafloor, it may either
.: become grounded and cease to move on, or if the environmental driving
: forces, dominantly currents or pressure from the surrounding sea ice can
': overcome seabed resistance to ploughing, the entrenched berg may continue
.: forward to create a flat-bottomed trough that is commonly referred to as
.; a scour.
;51 Several hypotheses have been suggested for the mechanics of
Ei: iceberg-seabed interaction and formation of scours. One such hypothesis
‘f: (Chari and Allen 1972, Chari 1975) is that deepest scours will occur when
; the seabed has a low shear strength (Fig. 2) and the iceberg is
:i; relatively very strong. The scouring process was modelled as a up-slope
,i: ploughing phenomenon (Fig. 3) in which the soil in front is heaved up in
'. 103

‘. AR S S SR R L
¥ TR




SOIL BERM

SCOUR BOTTO

-

54
)

(VERY wEAK

[ iar ab Sar Wy Sy Y

> - -
2Pl

e e e e
2 8 ¥ _ 7
PR RS

SCOURING BERG

FREELY
FLOATING

Ll

P
Yy _1,5; ! .4

. s
b ]
I"A

OCEAN FLOOR ’ - oD ~ '

LEVEL SURFACE

A »J.f".’

PASS

RGO

- -
'@
.
3

7
"2 @ SIS

+
L}

W W WL L VN
\.\_‘._.{.'\ \"
.’ln ,"-4' TN T GARY \.\
1 '.‘ ]

[\ % v v . . "-
S N AN D AL A A N NN



a series of passive failure rupture surfaces and displaced to the sides

?i as the iceberg progressively moves forward. When the kinetic energy is
§j dissipated, the iceberg becomes grounded. Several retinements have becn
i; made to the above hypothiesis, to take into account the hydrodynamic drag
’ of the currents (Chari 1979, Lopez et al 1981) and the type of seabed
:é sediments (Chari and Peters 1981, Chari and Green 1981). A similar
:j analytical study has been published with some refinement to the soil
\j model and with particular reference to the sea ice keels in the Beaufort
! Sea (Fenco 1975, Kivisild 1981).
‘: The abcove type of soil-iceberg interaction has also been extensively
ﬁ verified through physical laboratory models (Chari 1975, Arctec Canada
:: 1980, Green 1984, Prasad 1985). The long flat-bottomed scour trenches
observed on the seabed with raised shoulders on both sides can be easily
f{ explained by the foregoing theory. The forces transmitted into the soil
:% by the passing keel were also estimated (Green and Chari 1981, Green et
“{ al 1983) so that seabed installations could be designed for these forces
A or buried below the zone of iceberg influence.
'S From the perspective of design engineers requiring a knowledge of
:: absolutely safe burial depths below which a modern iceberg should not
: scour, this hypothesis is likely to give a satisfactory answer. Some

oy, o

variations of the up-slope scouring, (Fig. 4 and 5) have been discussed

X
l-‘

(Chari et al 1980), but considered as not critical for engineering

design.

- o
>> -

oA Side scan sonagrams and recent observations using a submersible

(Barrie et al 1986) show scour features which are not always rectilinear.

¥

1 The physical explaination of these features is a topic of recent iceberg
j scour studies.
o When an iceberg is drifting at a constant speed, it 1is in a
) steady-state motion. Since there is no relative velocity between the
\b iceberg and the environmental force field around, there is no net force
:E on the moving body. As soon as the iceberg touches the seabed there is a
W force resisting the forward motion of the berg. As a result of the
! deceleration of the iceberg, there is a relative velocity between the
ﬁi icebery and the surrounding environment. Forces are thus induced (Fig.
‘fz 6) such as current drag, wind drag, and ice push (if there is an icefield
j around). The effect ot waves may be ignored, as these are secondary and
L nepligible. For a stable icebery which scours up-slope, the soil
$ resistance will continually increase, the iceberg will gradually slow
A
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down, and the environmental tcrces will also progressively increase.
When the iceberyg is tiunally grounded, the seabed resistance will be
equal to the environmental iorces (Fig. 7).

lcebergs continually undergo umelting and assume new positions ot
equilibrium. It an ifcebery is close to instability betore contacting the
seabed, it may become unstabie and roll (Fig. 8) over as sooun das the
seafloor uvifers resistance. Such an icebery could create a deep pit, and
get grounded. 1t the kinetic energy of the icebery 1is large and the
depth of initial seabed penetration 1s swall, the iceberg would move
forward after creating a pit (chari dand Prasad 198¢6). The resulting
feature would be & scour trencl or finite length, with a pit at the head

of the scour track.

[ ST PRI TN o - o o BB S ¥ G WA A Y N

Sometimes, parts o! an icebery break oft along uatural cleavage
planes in the process of melting. Such icebergs may roll over and the
resulting draft of the icebery may increase by as much as 507 (Bass and
Peters 1984). Those iceberys could also cause pits on the sealloor
(Clark et al 1986) or a pit accompanied by a scour track.

The dynamic preocess ct voll over by an unstable icebery is complex.
Before the iceberg reaches a new cquilibrium, it will be subjected to
vertical harmonic motions. Thus, an iceberp which causes a deep pit as
soon as it overturns, may tollow through causing a relatively shallow,
long and flat scour track (Fig. &). Several other hypotheses can be
postulated for a roliing iceberg based on the above coucept to explain
down-slope scours, pit chains, and other variations and combinations
thereot. For design purposes, icebery pits are localized events and have
to be assessed from statistilceal evaluation of actual observations and
supported by other data such as icehere sizes, peotechnical properties of
the seabed, and other environmental! ftactors ian that location.

The assumption ot an infinitely stronyg iceberyg is appropriate for
purposes of evaluating the depth below which the seabed will not be

disturbed. However, icebergs have planes of natural cleavage along which

failure often occurs. It the scabed resistance is greater than the

icebery streugth along its planes ol weakness, it is likely that the

. iceberg will break and tloat rreely, after leaving 4 segment of the
o
L iceberg grounded. Such a process has been discussed by Clark et al
e
* (1986) .
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I'he processes ol ice scour formation in the Beaufort Sed by sea ice

™
- nressure ridge keels are somewhat similar to those discussed carliter.
.. However, the predominant driving force is the moviog sea ice cover while
-
o the ocean currents are considered to be the major tacter in the labrador
L4
‘ Sea.
R
o
\0
Y
..", . . IR EI e ~ [x3 - -
CN SUOUK ENVIRONMENTS AND FEATURES
b~ T T ,
K- ithree disrinctive environments of icebery scours hove toen dotinea
L, trom revional geophysical surveys and submersibie observations tor tiw
A=
o castern  Ganadiran atlantic shelt  (Barrie 1983). Itese  environant s
X terlect aittecent soil types which are partially a resvit ot ditrerent
N
o surticiratl sediment origins.
. Secei warks in o stiff clays have been observed 1o nhave steep rims
Y
:. (berms or embuckments), with slope angles up to 60" and sccur penciration
o
&S detths wp to 6 om and greater. Submersible observarions o*i Cunmberland
o
o> Scunae 30 Baitin Bay (Mackean 1982) have demonstrated the uature of these
b steep—sided deeply-penetrated scours. Another areca where wimilar
.
- seomorpholoygical scour reliet occurs is southern Saglek Bark .u the
-, l.abrador Sea (Barrie 1980, Todd 1984, Josenhans et al 1955, Gishert and
xS
. Barrie 19895). Icebergs scours on the seabed ot southern Saglek Bank
! . above [70 wm water depth cover 70--100% or the entire seabed surface. the
-
N . -
" predeminantly long, linear to curvilinear scuur marks ocour witn average
oy
o _ . _
-3 penetrarion depths of 3 m, widths of 30 m and lengtls of scveral
) .
v, kilomerres.
e
A Scour marks development in bouldery material are characterised by
~
’ . . ) . .
o corcentrations ot large boulders in the rims associated with a tiner
4
:; matrix of gravei and sand in the troughs. The reliets ot such marks are
o
- I . 1 ! - . 5 . . o, ¢ p SN N 14 Y
x" trom I to 4 m and slope angles are up to 1% (Lewis ot g 19425,
W submersib e observations in this type of environmert have heen mole oo
ﬁ areas of the wvortheast Newtoundland shelt (Syvitski ¢ al 1922 ard from
.
- dreas ot Hami{'!'ten Bank oo the southern [abrador Shelt (Collins and
‘J'
" Jiemanag 0. Tupically, the sediments in these revions are 100y sanly

@,

» which  are [(l('fl'» SOrted and contain a hi;;i‘ poeleiilayle ! houlder,
Y . A

»

.

"-1 Cobhbeg e i’l’r“f':l"\-

1-.

-d . ¥ . - 0

e Seecnr cark , ddeveloped over areas ot thin surficr ol coner, avers

.

N S o braated  or consolidated  bedrock  or o hovd ot Cw
3 cobeentrar oo s boulders, cobbles, pebbles and  sacd oo pbenroroee
»
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examples are Makkovik Bank (Josenhans and Barrie 1982, Gilbert and Barrie

1985) where thin sands overlie a consolidated till (Josenhans et al 1985)
and the northwestern GCrand Banks (Fader and King 1981, Lewis and Barrie
1981) where a thin Quaternary section of sand and gravel overlies
Tertiary sediments (Barrie et al 1984). Iceberg scours in both areas
have average widths of 35 m and penetration depths usually less than
2 m. lceberyg pits and pit chains are as common as linear scours in this
environment. Some appear overdeepened, a result o' subsequent soil

tailure (Barrie et al 1986).

SCOUR RATES, SEABED DYNAMICS AND DEGRADATION

The iceberg scour record for the foregoing three model environments
is representative of the geological history of the region since the last
glaciation; it also indicates the extent to which both relict and modern
sedimentary processes affect the areas. The dimensions of th- scours in
the three cases are consistent with the scour hypotheses discussed
earlier for those geotechnical environments.

The number of modern scour events varies with water depth and
location. Woodworth-Lynas et al(1985) predict a grounding/scouring rate
tor Saglek Bank of 4.37 and for Makkovik Bank 3.3%7 of all bergs in one
season based on iceberg observations from drilling platforms. Iceberg
scouring rates on the Grand Banks drop to less than 1% (d'Apollonia and
Lewis 1985). Josenhans and Zevenhuizen (1984), wusing a series of
oriented bottom photographs along a 6 km transect show a well-defined
"tresh' keel mark cut through a lag gravel into the underlying muddy sand
and gravel (diamict) substrate of Makkovik Bank. Similar observations
were made on  transects of Nain and Saglek Banks (Josenhans and
Zevenhulzen 1984), suggesting that present—-day scouring is, indeed, a
trequent occurrence within the shoal areas (i.e. 85-200 m). Using rough
calculations based upon the above scour frequency for Saglek Bank,
Woodworth-Lynas et al (1985) predict that 110 million m3 of seabed
material is reworked by this process each year. This is reduced greatly
on the ( and Banks of Newfoundland. )

Alttiough iceberg scour longevity is apparent over most of the shelf,
recent scours are degraded rapidly by the bottom dynamics of some of the
areas. The cohesiveness and physical properties of sediments also

siynificantly influence the scour preservation potential.
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Barrie ¢1v83) demonstrated that wave induced sediment transport is
e ol the most ettective agents in scour degradation. Barnes and
Relmnitae (19.749) also observed the signiticance ot waves in conjunction
with Ccurreats 1n o eroding ice scour ridges in the Beautort Sea as did
“obavashy (1982, in the southern Beautort Sea.

Consequently, in water depths less than 160~-130 m, the character ol
the sceahee is a4 product ot the excavation and reworking ot the seabed by
icebergs, and the removal of excavated material and incorporation of it
inte the sediment transport budget. In areas where scour mark
obliteration by bottom curre.ts exceeds the excavation by iceberg
ploughing, the seafloor (as seen from sidescan sonar records) will appear
tu show little evidence of iceberg impact thus falsely suggesting a low
incidence of iceberg grounding. Conversely where the obliteration rate
is low, tor the same number of groundings, many well-preserved scour
marks will appear on the seabed, which can be misinterpreted to indicate
a higher rate ot incidence. Estimates of the rate of iceberg groundings,
trom seatloor observations must carefully consider, therefore, the modern
sediment dynamics. A mathematical model to determine populations of
iceberg scour depths (Gaskill et al 1985) requires an input relating to

the quantitactive values of scour infill rates.

UBSERVATLIONS OF SCOURING EVENTS AND ONGOING RESEARCH

Although iceberg scour marks on the continental shelf are attributed
to iceberg interaction with the seabed, as defined above, few
observations of an iceberg making contact with the seabed and creating an
identitiable scour have been documented in the literature. In many
cases, known groundings have been related indirectly to an iceberg scour
that has been detected by acoustical geophysical means subsequent to the
scour event.

An example of direct observation is a blocky iceberg code-named
Caroline (Lewis and Barrie 1980) (Fig. 9) which was established as being
grounded on the shoal area of Saglek Bank in August, 1979 during
continuous jceberg tracking using the radar on CSS HUDSON (¥Fillon 1979).
Ihe berg grounded in 118 m of water, the inferred draft. The iceberg
appeared to have bheen ploughing a singular and finally double keeled
sconr towards the east with an average scour depth of less than 0.5 m aud
4 maxinum scour width of 45 m (Fig. 9). The scour occurred in an area of

overconsolidated till (Unit 3A) with overlying patches of sand (Josenhans
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¢t al 1985). The double keeled scour converged eventually at the end ot
the scour track, demonstrating the possible rotation of the scouring
cvweboer o lThe scour was resurveyed in 1982 (Fig. Y) using the same BIO JU
=iz sidescan sonar. An iceberg scour such as this provides a benchmark
tror wihich change in scour morphology can be monitored. |If a new scour
v similar soil types can be further examined by use of a manned
submersible, direct observations of both scour formations can be made and
compared. In August 1985, the PISCES IV submersible off the MV PANDORA
Il provided such an opportunity.

During the Dynamic Iceberg Scouring and Grounding Experiment (DIGS)
(i.ewis et al 1985, Josenhans et al 1985), the Caroline scour was
relocated and a new scour was identified cross-cutting it. Both scours
were  examined from the PISCES IV submersible. The 1979 scour had
underyone considerable modification by currents and maciobenthos.
Kesults from this major program will be published in the near future.

Further work on mathematical and physical modelling is also in
progress to estimate the forces below the scour due to keel pressures

during scouring.

SUMMARY

The type of scour features formed on the seafloor depend on the
geological, geotechnical, and environmental phenomena. Observations of
existing scour marks show qualitative <correlation between those
variables. Further coordinated research to quantify the measurements
should lead to refined estimates for purposes of design of seabed

installations.
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NUMERICAL AND FINITE ELEMENT
TECHNIQUES IN CALCULATION OF

ICE-STRUCTURE INTERACTION

Ian J. Jordaan Det norske Veritas Canada
(Canada) Ltd.
Calgary, Alberta

[

ABSTRACT

Better understanding of the mechanics of ice has led %o increased
demands for improved computational methods. To put this into
perspective, current trends in ice mechanics are reviewed. These
relate principally to creep, global (tensile) fracture as well as
compression fracture (crushing). The need for numerical methods
(finite element, discrete element, finite difference) is discussed in
the light of the review of mechanics of ice, as well as the boundary
conditions for the ice feature. Analyses carried out in past studies
and current work at various institutions are reviewed. These include
applications of elasticity, plasticity, creep (reference stress),
fracture and damage mechanics. Future research needs are reviewed:
these include studies of fracture, as related to splitting of ice
features, spalling and flexural failure, as well as crushing. The
latter can be studied by means of damage mechanics as well as

viscoplastic analyses, which are reviewed and discussed. Viscoplastic

analysis of crushed ice cannot ke carried out using failure surfaces
for the virgin ice: new techniques are required, requiring flow
formulations and Eulerian coordinates. There 1is a +~-~ed for
integration of the various aspects with mechanical models based on the

actual prccesses involved in large and small scale experiments.
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3 1. INTRODUCTION

Many branches of engineering are concerned with the response of
ice to stress: this may be aimed at ice load estimation or the
response of ice as an engineering material, for example, in terms of
1ts bearing capacity. The Kkey to more accurate estimation of ice
response lies in the implementation of realistic ice mechanics in
analytical methods. This is particularly true in the estimation of
ice loads for offshore structures: the motivation is similar to the

use of hydrodynamics for wave loads on ships and structures.

The main emphasis in the present paper is on the analysis of
floating ice masses, such as multi-year floes, and their interaction
with offshore structures. At the same time, some consideration is
given to bearing problems, ride-up and large-scale analysis of sea,

ice and surroundings.

o

:_‘i:_" At the previous IAHR conference, Sanderson (1984) considered wide
‘j-.::: structures, with the width (D) being several times greater than the
J ice thickness (T). Typically, an Arctic exploration structure may be
\acd 100 m wide and multi-year ice is about 5 m thick on average giving a
':_E: D/T ratio of 20. A monopod structure might yield a value of, say, 2.
:{- Such ratios are attained in the laboratory, but the scale is up to
:::: three orders of magnitude less. For several reasons, the most

important being the brittleness of ice, it is not possible to scale

250

5.

::__: these results, without a detailed appreciation of the mecnanics of ice
.~'_;::: particularly during the process of interaction with a structure.
2
? To pursue briefly the question of scaling noted above, it is
: useful to introduce the idea of average ice pressure on the structure,
N_,. defined so that the force on a structure, F, is given by:
e
®. F=0_°* A (1)
- a
::3_:: where A = contact area and 0_ = average ice pressure. The value of 0
::j:i might be as high as 10 MPa for laboratory indentation and as little as
':"‘: 1 MPa for full scale impacts of natural multi-year sea ice on
f'._, structures with lateral dimensions of the order of 100 m (based on
"'.Z-: Hnatiuk and Felzien, 1986, and other sources).
s
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Y In comparing laboratory and field data, the scale effect
e
;: represented by one to two orders of magnitude can be readily
*}: identified if not explained by using values of Oa’ as above. Often Oa
-

N is interpreted as a ‘"crushing strength": "crushing” covers a
T, multitude of factors: splitting, flexural failure, spalling, as well
.\‘

_xj as pulverizing and subsequent clearing of pulverized ice.
<

\:,

»fJ The concept of average ice pressure can also be interpreted as an
\

oA energy per unit volume (Laskow, 1982). The power P of energy
*Nj' dissipation or transformation at the face of a structure, i.e.
K "

. . , , .
o P=F _ vy, where y is the relative velocity of ice and structure

P
» yields the following:

AN
by
‘::1;. P = Oa A dv/dt = g, av/dt (2)
-
"N
e
A
where V is volume, for the case where force and velocity are in the
;:J same direction and magnitude of force is given by Eq. (l): dv/dt is
R
'Q: the volume of ice penetrated per unit time. The quantity oa then has
; 3 the units of energy per unit volume.

o Such general considerations of average ice pressure and energy
-J' . »
. are useful to put values into a practical format: an explanation of
i,

\j the 10 - 100 factor relating O, in the small and the large can only be

i) obtained by studying the mechanical processes. As far as analytical
1 studies are concerned, it will be suggested that the complexity of ice
~

% : behaviour, including variation of its properties with stress history,

f

\(_ combined with the wvariability of ice properties and geometry in

N . .

® nature, dictates the use of numerical methods for its analysis. The

b~ »

s endpoint may well be in terms of a practical format such as the value

- of a, to use in design.

Y.

¢ (,‘.

v

o. 2. RELEVANT ICE MECHANICS

o,

X

}3 2.1 Salient Aspects of Ice Mechanics

5. ’ \

el

There are many manifestations of the behaviour of ice that lead

to a picture that is at first confusing: this complexity becomes

SN

apparent in reviews such as Michel (1978). Interpretation is
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i:j sometimes difficult and, in particular, the fact that ice is extremely
iif brittle, points to the need for methods of analysis more advanced than
;:i conventional continuum theories. First, the salient points are
H identified and then interpreted in terms of observed behaviour of
:::: small and large scale specimens.
E:i Ice is an elastic, creeping solid, yet it is extremely brittle,
}') one of the most brittle materials on earth. It forms as an
?{: anisotropic crystal, and if these are aligned so that the crystal c-
'“2: axes are in the horizontal plane (for example) in an ice sheet, the
;% response of a specimen from the sheet will be anisotropic, although
i | the sheet may be a plane of elastic symmetry if the c-axis directions
t:i: are randomly oriented in the horizontal plane. If the c-axes are
“5 randomly oriented in space, the ice may be treated as isotropic; such
Fi granular ice, as it is termed, 1is strictly speaking statistically
) isotropic. Anisotropic response for elasticity and creep of solids is
‘géf well understood and documented both for classical mechanics as well as
K:E in the case of numerical analysis. These aspects are therefore not of
Pl

5

major concern (in terms of their ability to be analyzed), and

conseguently will not be stressed in the following.

. proy

K

S .
." ..‘ .' .l _.' " 5

As mentioned earlier, ice is extremely brittle as is evidenced by

.
i

O

the extremely low fracture toughness and strain energy release rate.

0
u

The latter value is of the order of 1 -~ 2 J/mz, similar to the value

O

'j& for glass. The recult of this extreme brittleness is a propensity to
3% fracture, and for stable microcracking to be a common occurrence in

“~

v . . )

‘j: compressive states, leading to disintegration or pulverization of ice.
.‘
b ; i
~.:\ All of the above phenomena will now be discussed in further
08
oy detail with numerical analysis in mind.
.:.;.

 J 2.2 Creep and the Role of Plasticity Theory

P

57
-
5}: One might consider plasticity theory as a simplification, or
o
- special case of creep. 1f the “flow" takes place at a distinct yield
L

.% point (stress level), and happens rapidly, then creep can be replaced
y }5

'?\ by "plastic flow". There 18 no evidence that this is the case for
}{ ice; Pounder (136%) gpointed this out and the most widely accepted

i

l‘
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creep law for 1ice is that proposed by Sinha (1978), given nere in

terms of the uniaxial creep compliance, for loading at t = O.

(3)

In this, E = elastic modulus, and Ek, A, B, C, and n are constants.

It 1is attractive to represent this in terms of a rheoclogical

model (Figure 1l); this is strictly correct for the elastic and viscous

terms, but the delayed elastic term - the second term on the right
hand side of Eq. (3) - cannot strictly be derived on the basis of
. . ) B . .

viscoelastic theory. The power "B" in t in the exponent 1is the

reason for this. Other models were reviewed recently by Ashby and

Duval (1985) and there appears to be scope for other formulations.

- Elastic ».< Delayed Elastic Strain Flow .
oA A AAYA
— NN\ /]
Ja
1'] Burgers Body

Maxwell Body

b AYAYAYAY:

/]
H

Figure 1. Viscoelastic Models for lce
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it 1s an 1nteresting fact that a class of models of the kind

(4)

where . (+) represents a function or "reduced time" that accounts for a
range of effects, including non-linearities of stress-strain
relationships, can be derived from general constitutive thearies
(Shapery, 1964). The<e can be put into stress-strain relati.nship of

rne kKind:

dx ) (5)

which is of the form of & Boltzmann superposition model, «ven though
non-linearities are included. Models of this kind, and thei: use in

modelling ice, are reviewed in Jordaan (1986).

The form of model just described 1is at the same time extremely
convenient from the point of view of numerical modelling, =since
computer storage of the entire stress-strain histcry is not necessary:
only current values are needed. Thus, substantial computer savings

can be attained.

Glen's law - the third term of Eg. (3) - comes into the category

just de=cribed, with

t
A= Pl e dee
0
n-1 . . . 3 ) .
where (-~} = C- i the viscosity of the non-linear dashpe!, ot the
instant in time when the stress o is applied.
it 1s often appropriate  to  neglect primary  Creep (o even

1

elazticity; 1i secondary creep dominates. The lower part ot Figure |
shows the simple Maxwell mod. which can be used to solve a varrety of

practical protlems.
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As noted earlier, there 1s no clear threshold stress for creep
and this 1is 1illustrated 1in Figure 2, where some curve: based on
constant strain rate have be~n calculated. The "yield" plateaux are
not unique and depend on the strain rate. These results are confirmed

by many experimental data sets.

There is no method known to the writer of replacing a creep
analysis with a plastic one and obtaining a rigorously correct result.
The reference stress method (Ponter et al., 1983) provides an
approximate method. As noted in the introduction, the rate at which
the force F on the structure does work is the power F=Fv if ¥ 1is in
the direction of E and this may {in the absence of other "work" terms)

be equated to the rate at which work 1s dissipated in the ice, 1.e.

P = g,.c, .4V (6)

where Oij is the stress at any point, Eij is the associated strain and

V is volume. This may be written as:

P = eV )

9R*R'R (N
where Ogr is the reference stress at reference strain rate €r* By an
appropriate choice of Jgr Eg and V., a plastic solution can be

obtained for the steady state case where F is constant. This 1§ not a
rigorous analogy and is only a convenient approximate solution method,
requiring elasticity or plasticity solutions as a basis. It does not
imply that «creep and plastic solutions in general give similar
answers, only that similar results can be obtained by the choice of

parameters. This choice is by no means arbitrary.

2.3 Higher Strain Rates and Complex States of Stresc

Although 1ice creeps at any stress state or leveil, apart from
purely hydrostatic states, it is usually dominated by the propensity
to fracture. Figures 3-5 illustrate the overal]l p:cture. Under

tensile states of stress, the critical flaw will propagate at a stress

given by I, = \/(EGC)/(nd) where E = elastic modulus, G. ° enerav

requirement per unit area of crack, and 1r egsentialiy 3 matoriag
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constant (for a given stress state) and a = half the crack length.

The value of Gc is determined by experiment and depends on the stress
state, which affects the ease with which a crack will propagate; see
- for example Sih (1973). The critical flaw will have the combination
‘- of length and orientation which gives the lowest value of UC for all
~ cracks in the sample of material in the body under consideration (at
lower stresses, the material will creep without fracture). Generally
the critical crack will propagate right through the specimen, leading

- t> failvre,

o Under compression, cracks are somewhat less prone to propagate
: completely through the specimen. Some microcracking generally occurs
before failure. The phenomenon of "slabbing" is observed at higher
3 strain rates; this is seen in most brittle materials such as concrete,
sulphur, glass and ice. A single crack propagates right through the
specimen, parallel to the direction of loading. This is also seen in

quite large scale tests (Wang and Poplin, 1981).

Figure 4 1illustrates schematically the stress-strain :esponse of
ice in coinpression, as it relates to a variety of phenomena. The

figure jis based on results in the literature and the key features as

LT I Y

regards the material response are also illustrated. As the strain

FE R R |

)
.

rate increases, pure creep becomes less important, microcracking is

]
.,

observed and the curves and the tests are often terminated by cracks

that extend vertically from the top to bottom of the specimen, the

"slabbing" phenomenon as noted above (Ashby and Hallam, 1986).

PP R

-':'
> . Py . .
; The imposition of compressive states of stress can be appreciated
- by writing the stress and strain tensors, aij and Eij respectively as:
b
R <"
_ﬂr g :pé,, t s, . .
. i3 i3 ij (8)
'
€ s e S+ e, . (9
- 1 v 1] ij
- where P = 1/3 Oii = volumetric stress,
. s.,. = deviatoric stress,
N i3
. o = 1/3 €., = volumetric strain,
o v ii
2 Qij = deviatoric strain, and
~ .. = Kronecker delta.
., 1]
X
.
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stabilized and only creep is observed.
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The imposition of a deviatoric stress state proportional to

(o0, - 03) is obtained by tests on cylinders under lateral confining

1

pressure ¢, (Figure 5). The results are illustrated in the figqure in

3
schematic form. At low p (and 03), cracks extend in a shear mode in a
stable manner progressively damaging the ice; this crack propagation

is suppressed at higher values of p, and creep will prevail.

This response is illustrated by the experimental results of Jones
(1982). In an interesting and well-conceived set of experiments,
cylindrical specimens with constant 04 (as described in the preceding
paragraph) were subjected to constant strain rate in the axial
direction. The resulting values of (Ol - 03) were measured and the
curves of stress versus strain included creep curves and other curves
of the type illustrated in Figures 4 and 5, depending on the strain
rate and the value of p. It is interesting to analyze these results
with regard to the effect of strain rate. The following is consistent

with the interpretation of Jones (1982), but somewhat more attention

is given to the role of creep.

The first important point to be considered is that the imposition

of a stress state 0, > (c2 = 03) results in a value of p =

1 + 203)/3 and S12 = 2(0l - 03)/3 = -2531.

deviatoric stress is proportional to (0l - 03). If creep is

(o In other words, the

independent of p, and directly related to (0, - 03), then the curves

1
of (0l - 03) (at constant strain rate) versus strain will be
independent of 03. This is confirmed by the maximum values of
- 03) at various values of ¢

(0 given in the paper by Jones as shown

1 3
in Figure 6(a). The one exception is the response at combinations of

higher strain rates and low 0o attributed to the spread of

3l
microcracks. This zone is shown as shaded in Figure 6(a).

It is interesting to observe that the peak values of stress in

Figure 6(a), taken from non-shaded areas, i.e. those which are attri-

buted to a creep response, can be considered to correspond to steady
state secondary creep. At this stage in the stress strain curve, & =
ko " and log E = log k + n log 0. These are plotted in Figure 6(b) and

a reasonable straight line 1is obtained corresponding to n = 3.8.

There 1is some evidence of lower values of (ol - 03) at high wvalues
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of 13 in Figure 6(a): this is not very conclusive and in addition,

the main area by practical importance is the left half of Figure 6(a).

The conclusion of this section is that creep analysis is appro-
priate for low strain rates and also at higher strain rates with
confining pressures sufficient to suppress the propagation of micro-
cracks. There appears to be little scope for plasticity-based yield
criteria under these conditions. The occurrence of microcracking
under moderate compression is an area of great practical concern since
this 1is the principal mechanism involved in the "ice crushing”

process.

2.4 Crushing and the Shear Damage Process

Under moderate confining pressures, it has been observed that
shear <cracks form and aggregate and result in failure (Ashby and
Hallam, 1986). This has also been observed in other materials
(Resende and Martin, 1984). Because most practical cases of ice-
structure interaction involve moderate confining pressures, this

process is regarded as being most important in practice.

Visual evidence supporting the shear damage process has been
obtained. Figure 7(a) shows a photograph of cracks forming under an
indenter (Timco 1986; Tomin et al, 1986). The stress state is close
to plane stress, i.e. moderate confinement, and can be approximated by
the Michell solution, see Timoshenko and Goodier (1970, p. 104), for
stress field resulting from uniform pressure across the indenter.
Figure 7(b) shows the orientation of the planes of maximum shear,
based on the Michell solution, which match closely the orientation of

the cracks in Figure 2(a).

It is important to recognize that the shear planes in Figure 7(a)
are not slip lines as evidenced in plasticity. As the process
centinues, the cracks link up until discrete pieces of ice attain the
ability to move relative to each other. In plasticity theory, slip
lines are not associated with damage, and in this sense, the

progressive degradation of the material is quite different from

plasticity, since it leads to disintegration of the material.
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A reasonable way to analyze the process of progressive damage is
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to take a continuum mechanics approach. The study of individual crack

“ ,.l 1

propagation is important for understanding the underlying phenomena
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e

but quickly results in an intractable situation when considering the
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myriad of relatively stable cracks in the compression zone. The
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continuum analysis mentioned above focusses instead on the overall

changes to the elastic response caused by the system of microcracks in

2:: the material. (We concentrate here on the effect of the elastic
' -3 behaviour: creep damage theories (Leckie, 1978) <can also be
—;"-" considered, but they are beyond the present scope. They would
L) ot consider the effect of damage on elasticity and creep.)

e

I

'u’j If one removes the elastic stiffness in shear, one is left with a
.'d group of particles that can slide over each other. The latter beha-
:-':'. viour can be treated as a viscous flow phenomenon (see next section).
"
}.E With regard to the degradation of elasticity, the process envi-
';' saged is shown in Figure 8. The material exhibits a strain-softening
W curve, resulting from the extension and proliferation of the micro-
'::E: crack system. Upon unloading, a reduced elastic modulus results from
P
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Figure 8. Process of Progressive Damage

(a) With Memory of Origin
(b) Damage Accompanied by the Development of Permanent Strains

the same cause. Finally the material has effectively no elastic

stress resistance and particles can move relative to each cther.

There are other effects such as dilatational behaviour of the cracked
ice that should be accounted for, but they are considered to be of
less importance. Application of damage mechanics to ice is in its

infancy.

The implementation of damage mechanics in continuum analysis is
difficult to conceive as a closed form solution technique, but it may
be achieved by numerical analysis which provides an excellent ongoing

method for improving theories. Closed form approximations are

expected to result at a later stage. ‘

2.5 Behaviour of Pulverized Ice

The clearing of ice around a structure or obstacle is important,

and can be achieved in several ways:

1. creep of ice around the structure at low strain rates;
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2. rotation and movement of large pieces of broken ice,

resulting from global (tensile) fractures; and

3. "flow" of crushed ice.
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The present section deals with the third of these. One can think
of a distortional "energy" of disintegration (Figure 9), which results
in the wvirgin material being transformed into a pulverized “"flowing"

material also illustrated in Figure 9.

R

Yy

-Energy of Pulverisation

Iy
[T

w

Viscous Flow of
P il Y Pulverised lce]

| s=pe

)

*~~-______*_.-_--_ Higher p

|
' Low p

Figure 9. Shear Stress~Strain Curves With

Possible LEffect of Hydrostatic Pressure p Illustrated

Kurdymov and Kheisin (1976), in analyzing a set of dropped ball
tests, proposed a "flow" method of analysis. Figure 10 shows the
geometry of the ball and the viscoplastic layer of crushed ice, next
to the ball with a thickness h. There are some challenging aspects

that must be considered in putting this analysis in the context of

solid mechanics applied to 1ice, as summarized in the preceding
section. The most important of these is the question of Eulerian

versus Lagrangian coordinates. Before addressing this, we shall

review the basic theory.

<@

\
The idea of Kheisin and his co-workers was to treat the ice as a
|

T A
v s '

viscous fluid. Taking up this idea, we write the deviatoric stress as

SAL A S

v
C"
s

a function of the rate of deformation tensor Djj, i.e.

Sij = bij (D, (10)
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Figure 10. Viscoplastic Layer of Crushed Ice Under the
Ball (after Kurdymov and Kheisin, 1976)

where ¢ij(-) is a nonlinear function. Equation (10) represents a
fluid obeying Stoke's law; if the function $ (<) is linear we have a

Newtonian fluid:

513 = K j5kePus (11)

It is of great interest to note at this point that a problem in
elasticity exists, that 1is completely equivalent to that of the

Newtonrian fluid; this is the problem of Hooke's law:

Si5 T Sijk1%ks (12)

where G is the shear modulus and e (as before) the deviatoric (shear)

strain. One has, perforce, to treat the material as incompressible -
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: which 1s a suitable assumption for the viscous material. We will

proceed with further consideration of the rate of deformation tensor

>
»~

Diy of equation (ll); it is the symmetric part of the velocity
gradient tensor avi/axj = Dij + EiJ (Note that x is a spatial
coordinate). the skew-symmetric component Eij is concerned with
rotations and does not enter into the stress-strain relations. the
Important point is that Djj is the material derivative of the Eulerian
infinitesmal strain tensor, i.e. Dij = dejj/dt.

The problem of crushed ice can be treated initially as one of

slow viscous flow:

i (13)

In this equation, p is pressure, Fj is a body force in direction i,

U = coefficient of viscosity and V2 (-) = Laplacian.

Inertia terms have been neglected, and simple rough calculation
shows this to be reasonable: the vertical distance travelled by ice
particles after observed indentations and impacts is of the order of F
metres or less and this can be compared to the energy in the process,
which turns out to be many orders of magnitude greater than inertial
energy. Nevertheless, further study of this point can be undertaken

with established techniques.

In conclusion of this section, it may be stated that a visco-
plastic "flow" solution technique is an excellent starting point for
the problem of clearing of crushed ice. It leads itself to numerical
analysis and does not correspond in any way to plasticity of the

virgin material.

2.6 Behaviour of Large Scale Ice Masses

Floating sea ice forms and deforms, melts, consolidates, contains
brine pockets, flaws and cracks and is highly irregular in thickness

and geometry. All of these factors cry out for numerical modelling,
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and this 1is supported by the kinds of phenomena observed 1n large
scale 1impacts. The Hans Island experiments have shown cseveral of the
effects but general observation of the Arctic shows phenomena such as
ridge-building. Figure 11 illustrates scme of these In a general way.
Large scale splitting has certainly been observed; non-simultaneous
failure 1is observed on wide structures (Kry, 1976} and flexural
failures - Figure 1ll(c) - are observed even in the case of multiyear
floes. The phenomena just noted all call for a statistical treatment:
weakest link theories (Weibull, 1951; Maes, Jordaan and Baldwin, 1986)

as well as statistical averaging as proposed by Kry have their role.

3. NUMERICAL MODELLING: A CRITICAL REVIEW

3.1 Motivation and Approach

Computer analysis has become a technique that 1s used when
standard methods cannot be wused because of the complexity of
implementing them. The need for numerical mocelling becomes evident

when consideration is given to the following:
(1} the complex behaviour of ice, particularly its
disintegration and subsequent "flow", result in spatially

varying mechanical properties.

(i1) the irregular shape, geometry and boundary conditions of

ice in the field.
(iii) the random distribution of flaws in sea ice and icebergs.
(iv) the fact that flow of crushed ice and its clearing implies
a flow (Eulerian) approach as against a Lagrangian

approach for “solid" ice mechanics.

Some research groups have been particularly active in numerical

modelling and they are identified in Appendix 1.
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J.1 Elasticity and Maximum Stress Approaches

For rapid loading, ice response can be characterized by linear
elasticity. An interesting finite element analysis of ice sheets,
taking into account anisotropy, was presented by Riska {1980). Along
with this analysis, failure criteria were proposed to deal with
columnar ice. These were used to give maximum stress combinations at
failure and good agreement with measured values was obtained. The
author proposed more detailed analysis of the failure procecss - and

this is in accord with the thrust of the present report.

Other numerical elastic analyses include the work of Sodhi and
Hamza (1977), who conducted a finite element analysis of ice sheets
(plates on elastic foundation). The emphasis here was on buckling

phenomena.

3.2 Numerical Modelling of Creep Processes

Creep will be the dominant process only at very low strain rates;
fractures and crushing are observed even at rates of movement found in
landfast ice. Bearing problems in which ice is used as a structural
material supporting load, represent an area where creep analysis is

most important.

One of the earliest studies was one of the flow of large ice
masses, e.g. glacial ice (Emery and Mirza, 1980). In this, finite
elements were used to simulate flow behaviour (creep); basal sliding

as well as discontinuities were also simulated using special elements.

L@

o,

- An interesting analysis of creep buckling of floating ice sheets
N,

:: was carried out by Sjolind (984) based on the power-law creep term of
s, i .

A Eq.(3), i.e. & = Co",

¢
K-

j The reference stress method was used to solve the indentation
- problem for ice (Ponter et al, 1933). A finite element solution was
Cd
;f used to obtain "input" solutions for the method. Various values ot n
‘g in a power-law creep formulation were investigated. The metid
"

Y . . . . .
&' provides an attractive method for obtaining a range 7t approximate
oS
>,
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closed form results from a limited number of finite element runs, and
has been used in practical studies of ice-structure interaction (e.g.,

Nessim, et al, 1986).

Bruen and Vivatrat (1984) and Vivatrat, Chen and Bruen (1984)
used a power-law stress-strain relationship similar to those just
discussed with n =~ 3 for low strain rates and n » « higher rates
(> 3 x 10_4 s—l). The method of analysis was based on a bound theorem
of creep analysis and required the definition of a velocity field as
shown in Figure 1l2(a). Higher strain rates were account for by
considering lines of constant strain rate - the circles in Figure
12(b). Within the fractured and crushed =zones, the boundaries of
which are given by the «circles, different energy dissipation
mechanisms are operative. The results show an increasing effective
ice pressure with velocity, with a reduction of the pressure due to
the fracture, and crushing mechanisms. It is considered that the
method is very promising: a more direct linkage of energy dissipation
to the processes of damage and flow of crushed ice (Sections 3.4 and

3.5) would be advantageous.

7

ey

indenter
Fragmented Zone
% Crushed Zone
(] Fractured Zone
[J Creeping Zone

(a) (b)

Figure 12. Bruen and Vivatrat's Velocity Field Approach
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In the context of the above method, it should be noted that a
finite element analysis of creep in ice has been developed (Chehayeb
et al, 1985) and compared to upper bound solutions based on velocity

fields as well as to other solutions.

It was pointed out earlier that bearing problems pose an
important area where creep solutions can be of use. Figure 13 shows a
result obtained by the writer's team as an illustrative example. It
is based on elastic response with power-law creep, using the finite

element program ABAQUS.

_ Creep of a Plate on Elastic Foundation

Time

Radiaol Stress Along A-A {MPa)

'y Iy 4 d

6 7 8 9
Rodiol Coordingte (m)

Pigure 13. Time-Dependent Bearing Analysis of a Floating Plate: Arc

Opposite Loaded Edge is Fixed. Power-Law Creep
With n = 3 Considered
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5.3 Global Practure Analysis

o

spal fracture is characterized by propagation of a single crack
mall number of cracks in zones of tension. This kind of event
ca..  i2ad  to  substaantial load reduction by the splitting of ice
fexr s2s and the subsequent creation of additional degrees of freedom.

In 1-epreaking activities, this is of major significance.

One of the first calculations of this kind was presented by
vatTes etoal (1983). It was clear that further numerical work was
coed in o order to calculate more general situations, and the use of
4. Innremental approach to propagation of cracks in large floes was

;=01 {Hawze and Muggeridge, 1984).

inre use of energy release can be also accomplished by the use of
the J-integral (Parks, 1977) using finite elements leading to results
for general geometries, both of the crack and the ice feature. This
approach has oeen pursued by Tomin et al (1985) and a typical mesh
around a crack in an indenter problem is shown in Figure 14. In this
analvsis, the crack length is incremented, and in effect the strain
energy released is compared to the energy requirement per unit area of

the crack.

Plasticity and creep effects at the crack tip can be included in
the j~integral method, but are not usually of sigrnificance ~ or
rataser, the effect can be included in the energy reqguirement with

linear olastic methods used for the energy release.

ine use  of  fracture mechanics in  bow form analysis and
timiration 1s of great potential importance, and should be pursued
in Lnviestigatinns of Arctic Shipping. The phenomenon of slabbing
mevis ot be clarified further from a scientific standpoint as regards

sectanisms involved.

3.4 Damage and Pulverization of Ice

Sointedd ot earllier (Sections 2.3 and 2.4), the most important

“ig 17 in states of moderate compression. This was recognized by
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Figqure 14. Close-up View of the Local Mesh Around the Large Crack

Ting and Sunder (1985) who applied damage mechanics to sea ice with a
parameter D varying from 0 (no damage) to 1 (fully damaged). They
applied this to the delayed elastic and viscous flow terms in the
creep equation: degradation of elasticity was therefore only partly
taken into account. Analyses such as those of Bazant and Kim (1985),
applied to tensile states, should be assessed in light of the fact
that ice damage is important in states of moderate compressive stress.
The latter approach was based on the blunt crack band theory, which

could be extended to other states of stress.

A point that has not been recognized sufficiently is the process
of shear damage. As pointed out in Section 2.4, this leads to
eventual pulverization and indeed a crushed material that flows - but
without the rigidity of the virgin material. Shear damage has been
analyzed with regard to rock masses (Resende and Martin, 1984) and
was applied to ice by Cormeau et al (1986). The degrading stress-

strain relationship was of the kind illustrated in Figure 8(b).
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3.5 PFPlow of Pulverized Ice

One does not have the luxury 1in ice mechanics of stopping the
analysis at a convenient point since one 1is not usually "designing”
the ice feature. In Section 2.5, the work of the Russian researchers
was discussed and the fact that pulverized ice will flow around an
object (at higher strain rates) was pointed out. The approach of
these workers has been followed by Brown et al (1986). An extension
of this analysis based on the elastic-viscoelastic analogy described
in Section 2.5, wusing finite element methods, has been given by
Cormeau et al (1986). This gives Eulerian solutions (flow through the
mesh) based on the analogy mentioned. An analysis using finite
Jdifferences and the computer program PISCES has been outlined by

Kivisild and Iyer (1978).

3.6 Discrete Element Analysis

Discrete elements differ from finite elements 1in that the
movement of each element is followed during the interaction
simulation. The discrete elements can separate along their

boundaries, so that discontinuities can be modelled.

The method was applied to ice problems by Yoshimura and Kamesaki
(1981). It has formed the basis of the program CICE, developed by
Hocking and his co-workers (Williams et al, 1985; Hocking et al,
1985). This program has been calibrated against a wide set of
experimental and field results. To give a flavour of the results,
Figure 15 sths a cross-sectional plot of ice pieces during an

interaction.

—— Nt —F T 1 T % ) i

Pigure 15. Discrete Element Analysis of Interaction of Ice

FPloe and Structure
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A variety of failure criteria are available, however, to simulate

the break-up of ice pieces. It is considered that a more detailed
analysis of fracture, taking into account existing cracks and flaws,
would make the calibration more effective. This could be achieved by
calibration with FE models of the kind described earlier (Section
3.3). Also, the "book-keeping" involved in following individual ice
pieces 1in analyses of crushing would become excessive. A separate
"flow" analysis (Section 3.4) would be a possibility in this regard.
The method 1is, however, ideally suited for problems involving ride-up

and pile-up.

3.7 Large Scale Models

The dynamics and thermodynamics of sea ice cover is studied to
determine the extent, thickness distribution and velocity field of the
ice. Work in this area has been surveyed by Sodhi (1984) and will not
be dealt with in further detail here. The point might be made that
most analyses include viscoplastic zonstitutive relations for ice and

that fracture and damage are not modelled.

3.8 Statistical Aspects

One of the more important potential uses of numerical methods is
to study statistical aspects of ice mechanics. This work is in its
infancy: A recent study by Maes et al (1986) shows some results which

are illustrated in Figure 16.

4. CONCLUSION

It is tempting to describe the field of numerical analysis of ice
as a "Tower of Babel" of conflicting approaches - as one distinguished
researcher once described the field of ice mechanics. Yet there is an
urgent need to continue with a variety of approaches, so as to respond
to the complexity of ice behaviour. At the very least, numerical
analysis provides an ongoing tool for learning about the mechanics of
ice: and indeed, many of the studies summarized have done that.
High~speed computers provide the opportunity to perform analyses that

were not conceivable even one or two decades ago. These tools can be
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taken several steps forward and used in obtaining practical results.
For instance, the analysis of global fracture processes could be
carried out with the methods described using the J-integral: this
could be used for bow form analysis, for example, with the present
stage of technology. Joint analytical (numerical) and experimental

worx would be invaluable in general in advancing the state-of-the-art.

1t may seem a truism to state that in making this advance, it is
important to model realistically the behaviour of ice. Yet there are
still analyses that are proposed that describe ice as a "plastic"
material in the sense of a classical continuum mechanics approach.
Otner approaches have analyzed ice as a set of nonlinear springs

without specifying how the stiffnesses are obtained.

The following aspects need particular attention:

~ damage process in the small, and in the large;

- ice clearing, flow of pulverized ice, Eulerian formulations;

- statistical effects, local bending (buckling) of imperfect

sheets, spalling, non-simultaneous failure; and

- fracture mechanics for large ice features as found in the

field.
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e 1.0 Introduction

:k LEfforts expended on analytical solutions for ice forces and on laboratory

: testing of ice are of limited value unless full-scale observations and

- calibrations of ice structure interaction are also available. Without

;3 real-world experience and measurements it is doubtful it any substantial

:; progress could have been made in understanding the physics of ice-

- structure interaction, and in develnping workable engineering methods.
In recognition of the importance of ohtaining actual measurements of ice
forces, engineers have for a long time been developing measurement
techniques. Many bridge piers, lighthouses and docks have been
instrumented. More recently, the artificial islands and caisson
structures being used for exploratory drilling in the Arctic Ocean have
been the subject of ice—interaction measurements. In addition, natural

° features such as small rock islands have been used as substitutes for

}§ real structures in order to study ice-structure interaction in

:; environments where no man—made structures yet exist.

"

‘-

rsr In addition to providing a key to better predictions, it is important to
;*é recognize that the field measurement of ice forces is also an important
%ﬁ: element of operational safety procedures. As engineers and operators
t;i recognized the uncertainty inherent in ice torce predictions, especially
L;' in new environments (which were not always well-known), it became

o

apparent that a real-time indicator of the force leveis on a structurc

(and/or its response) could be a vital element in operational safety.
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Therefore, from the time of the early artrificial drilling islands it has
been quite common to link ice force instrumentation to operational alert
procedures. Alert procedures have been described elsewhere, (Wright and
Weaver, 1983) but brieflv, as ice forces and/or structure deformations
reach certain predetermined levels, operational procedures on the island
are modified on a real-time basis. A typical extreme operational
response would be to secure the well and evacuate all but a skeleton
crew. oSuch situations have been rare, but they have occurred. Ubviously
they are costly modifications to an already costly operation. When ice
force measurement devices are linked to such operational procedures then
of course it is of paramount importance that the ice force measurements

(and their interpretation) are reliable and reasonably accurate.

Ubservation and measurements of ilce—-structure interaction have been
conducted woridwide, but because of the background and experienc of the
authors, this review paper will focus primarily on techniques developed
and applied in North America, especially in Canada. It should be
emphasized however that the international scientific and engineering
community has contributed significantly to this topic; although it was in
Lanada where most of the new techniques for arctic structures were

applied first.

Z.J Uverview of Methods of Approach

When ice pushes against a structure a force is generated. According to
Wewton's Law, the torce is equally and oppositely applie to both the
structure and the ice. Therefore to measure the interaction force we
tave a cholice of measuring either the response o the structure, or the
response of the ice. This distinction broadly categorizes the two
tnadament al approaches, namely;

- ia sity measurements on the ice,

~ strnacturdal response measurements.
Lacth approach has its advantages and disadvantages, ideally both methods
shonld he nsed together, but in some situations only one of the

approaches witl be teasible.

for exanple, ia dynamic ice situations where the ice is continuously

wving, it i preterahle to instrument the structure, because in situ

nstraments on the tere will quickly move by the structure. OUn the other
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hand, once the ice around a structure has become landfast (and subject to
relatively small movements) it will often be preferable to instrument the
ice surrounding the structure, (especially it the structure is an
artificial island surrounded by a grounded rubble field and therefore

difficult to instruuwent for global ice loads).

For di:.cete ice features, such as isolated multi-year floes or icebergs,
measurements ot the deceleration and motions of the ice as it interacts

with the structure can be used to deduce the global ice forces.

Un a structure we have the choice of either measuring the actual ice
pressures at the ice line, or measuring the global response of the
structure. Neither approach is simple, and both methods have their
difficulties when the structure is large and has redundant load paths.
[ce pressure panels at the ice line have the advantage that lccal
variations in ice pressure can also be measured. But unless a continuous
band of load panels is placed around the structure (an expensive
proposition on a large structure), considerable interpolation and
extrapolation is required in order to predict global forces from a
limited number of local ice pressure readings. Also, sloping structures

are not amenable tc this form or instrumentation for global forces.

[nternal strain gauging of structural elements is often a popular method,
but interpretation usually requires either a full-scale calibration or a

reliable structural analysis.

Another approach is to use soils instrumentation (e.g. total pressure
cells, slope indicators, piezometers etc.) either in the foundation or
interior fill. The major drawback of this approach is that under service
loads, the response of the soil is often too small to be measured

reliably.

3.0 In Situ Methods

3.1 General

Superficially it would seem to be a relatively simple matter tv measure
in situ stresses in an ice sheet. Why not simply measure strain and
convert to stress using a value of modulus for ice? Alternatively

why not install in the ice a hydraulically filled flat jack connected to
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.\; a pressure transducer and measure the pressure as the ice is stressed?
'xi: Both of these approaches are simple, and have been used with other
H?ij materials including soils and rock; what are the issues relating to their
‘:;{ use in ice?
1
..’-
?j: First, in ice, the simple conversion of strain to stress is fraught with
;fi difficulty, because ice 1is not a linear elastic material. Ice is a
.:1 material close to its melting point and therefore exhibits creep. When
'5‘4 ice is loaded with a constant stress it initially deforms elastically
‘iij (i.e., if the load is removed the strain returns to zero) but after a few
:E:: minutes (or less) the ice creeps. Initially there is a primary creep
.*:J phase in which the strain rate is decreasing with time. This phase is
i, followed by a secondary creep phase in which the strain rate is constant,
tj: and finally there is a tertiary creep phase in which the strain rate ‘
iii increases to failure. These different creep regimes make the i
;;: interpretation of a simple strain measurement extremely difficult, |
!L especially since the elastic and creep deformation characteristics vary
%EE with ice temperature, crystallography, salinity and stress level. In
E;i fact, it is generally recognized by proponents of strain meters that ice
A:;: stress can be interpreted sensibly only when the ice is in secondary
( . creep. In that phase, there is a unique relationship between strain rate |

O and stress according to Glen's law

. . n
€ = Ao (1)
- .
o where ¢ is strain rate; o is stress, n is equal to about 3, and A is a
'J:- coefficient depending on ice characteristics such as temperature,
:?f salinity and crystal structure. Thus, strain meters, according to the
r.? theory of ice deformation, may be useful only to measure loads applied
- long enough for secondary creep to be established (about 45 minutes or
L
- more).
' :L The use of strain meters will be discussed later. At this point, it is
1 29l
’l N I : I3 :
;-,; interesting to note that historically, because of perceived difficulties
s
1
v.:: in relating ice strain to stress, ice engineers have pursued the concept
A n,
fﬂg. of an In situ stress sensor which would be insensitive to varying ice
r!L deformation characteristics resulting from creep and to the effects of
o
P
b ".:v"
27
-
z Y
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varyving ice properties such as temperature, salinity and crystal

structure.

3.2 Theory of ice stress sensors

There are problems associated with insertion of a sensor into an ice
sheet and interpretation of the results., First, an inclusion in an ice
sheet can lead to a disturbance of the stress field such that the stress
experienced by the sensor is different from the stress in the sheet had
the sensor not been there. This problem has been addressed by several
investigators (Metge et al, 1975; Templeton, 1981; Chen, 1981) and
elastic theories have been developed which relate sensor stiffness and

geometry to the modulus of the surrounding material.

Typical results from this theory of inclusions are reproduced in Fig. l.
The results show obviously that the ideal sensor should have the same
modulus or stiffness as the ice. So why not build sensors according to
such a specification? The problem, discussed earlier, is that the
relationship between stress and strain (modulus) for ice is complex and
there is no unique value. Ice modulus varies with temperature, salinity,
crystal structure and, because of creep, with time of loading. Therefore
the ideal sensor should read the ice stress regardless of the modulus of

the surrounding ice. How can this be achieved?

The first attempt to rationalize sensor design was described by Metge

et al (1975). A wide thin sensor was proposed with sufficient stiftness
that as the effective ice modulus varied, the ratio between ice stress on
the sensor and stress in the ice remained constant. As can be seen from
Fig. 1, this should result in an inclusion factor (stress ratio)

remaining close to 1.0, This then would be the ideal sensor form, and it

1s the reason why several sensors of this type have apperared.

The equation for Figure 1 is of the form: (Chen, 1Y81)

(E)/E)+(H/2D) (N/E)
g - (
Pl (B /E )[1+(H/2D)(N/E) ]

T

)

Where o 1is the undisturbed stress in the ice

o is the average stress felt by the sensor El

El is the elastlic modulus of the sensor
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D 1is the width or diameter of the sensor in a direction
perpendicular to the stress

H 1is the thickness of the sensor in the stress direction

N is a property of the ice such that it is analogous to the

subgrade reaction.

Chen recommends that the value of N/E be taken as 1.0 based on both
theoretical and experimental examinatioa of the problem. Thus

equation (2) reduces to

(E, /E)+/2D
g . (3)
9 (E|/E)(1+H/2D)

This equation is very similar to the one proposed by Metge et al

(1975) and yields a graphical result very similar to Figure l.

Templeton (198l) provided a very thorough analysis of the embedded ice
sensor problem and confirmed the use of an equation similar to (3). He
also examined the effects of differential thermal expansion and the
effects of transverse pressure (biaxial stress), and developed equations
for their effects. He concluded that their effects on sensor accuracy
could be minimized by maximizing the width—to—-thickness ratio, i.e. using

a thin wide sensor.

Despite this sound theoretical and practical basis for thin wide sensors,
others have developed symmetrical cylindrical sensors. These have the
advantage of biaxial capability and can usually be inserted into an

augered hole.

The theory of biaxial cylindrical sensors has been developed and reported
on by Cox and Johnson (1983). Their analysis yields, for a very stiff
sensor, a value of ol/o = 1.5 which is the same result as given by
equation (3). Therefore, a stiff cylindrical sensor should have an
inclusion factor of about 0.67 to obtain values o” undisturbed ice
stress. However, interpretation is not simple, because of the biaxial
nature of the gauge. Readers are referred to the report of Cox and

Johnson (1983) for the full theoretical treatment.
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Even if we can accurately measure ice stress at discrete points in an ice

sheet pushing against a structure, a remaining problem is that of
converting these readings into a global load on the structure. A typical
deployment of stress sensors in the ice around a structure is shown in
Figure 2 (Netserk F-40, instrumented by Esso Resources Canada Ltd. in
1976). The theoretical approach to the problem is to calculate stress
fields in the surrounding ice, match the readings from the stress sensors
to the theoretical stress fields, hence to deduce the global load on the

structure.

Initial application of this approach assumed elastic properties for the
surrounding ice; more sophisticated approaches assume elasto-plastic ice
properties and/or take into account modifications to the stress
distribution due to ice creep. Wang and Ralston (1983) examined the
radial stress distribution in an ice sheet pressing against a circular
cylinder (with a frictionless boundary condition). A typical result of
their analysis (Fig. 3) shows that a simple elastic analysis gives a good
apprcximation for radial stress decay. Furthermore it shows that if a
stress sensor is placed at a distance of one structure radius away from
the structure typically it will measure about 60% of the ice pressure

acting at the ice structure interface.

Naturally given adequate resources, the placing of several sensors along
radial lines out from the structure would be desirable in order to

confirm and/or calibrate such theoretical predictions.
It should be noted also that variation in ice modulus and thickness and
the presence of cracks can seriously affect the prediction of global

loads on the structure from in situ sensor readings.

3.3 Types and history of ice stress sensors

The first in situ ice pressure sensor (known to the authors) was
developed at the University of Alaska in the early seventies (Nelson,
1975). The University of Alaska sensor was a small stiff sensor based
on a strain-gauged metal cylinder. About the same time, the National
Research Council in Ottawa developed a small soft sensor based on a

thin-walled metal cylinder (Frederking, 1980).
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Esso Resources Canada contracted the University of Alaska to install some

of its sensors around some of the early artificial islands in the
Beaufort Sea. Difficulties in interpretation of a small stiff sensor led
Esso to develop the wide thin soft sensor which was subsequently used

quite extensively by Esso around its islands (Metge et al, 1975),

The Esso sensor was later improved upon by Exxon who maintained the
geometry of the Esso sensor but redesigned it internally to achieve
better linearity and a different stiffness (Templeton, 1979; Chen,
1981).

During the late 1970's and early 1980's, a large variety of sensors
started to appear. The original Esso design was again used as the basis
for the MEDOF panel used by Dome around the Tarsiut island (Pilkington

et al, 1983). Oceanographic Services developed a small cylindrical hard
sensor which could be installed in a hole cored in the ice sheet (Johnson
and Cox, 1980). ARCO 0il and Gas Company developed a sensor based on the
flat jack principle (McBride, 1981). More recently, Arctec Canada has
built a thin wide metal sensor called the Hexpack (Graham, et al, 1983).
Other Canadian companies have developed both biaxial and panel type

sensors as well as hydraulic disk types.

In terms of generic types, most of the above sensors can be considered to
fall into two broad categories;

—-thin wide sensors with a stiffness close to that of ice, and

-small stiff sensors
In a category of its own is the ARCO hydraulically filled disc, which is
thin in relation to its diameter, but is small (about 4 inches in

diameter) in relation to the ice thickness.

The thin wide panel sensors are generally arranged to measure the ice

stress through the full ice sheet thickness. Their sensing elements can

)

o\ be wired-—up to give either the average compressive stress through the

{: thickness or the ice stress at various levels through the ice thickness.

)

; Obviously small sensors can only measure stress over a small area,
. therefore, several may be needed through the ice sheet thickness in order

oy

’ to ohtain an integrated stress for load. Thin wide sensors can usually

-

’.

-

-
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measure stress only in one direction, small cylindrical sensors can
measure the principal stresses and direction. Of course any uniaxial
sensing unit can be arranged in a rosette to enable principal stresses at

a point to be measured.

3.4 Ice strain meters

Surface strain meters for use on sea ice have been in use for over a
decade. Goodman (1980) describes their history and technical details.
The original design was based on an invar wire and could typically
resolve strain to 1078, Moore and Wadhams (1980) describe a rod strain
meter which is generally more robust and portable than the wire gauge but

with less resolution (1077),

Strain meters have been used to study the response of ice floes and
icebergs to wave action (Goodman et al, 1980) and to conduct strain
measurements in floating ice platforms (Anderson and Perry, 1980).
Prodanovic (1978) describe a steel rod strain meter which was used to
study strains in the land fast ice in the Alaska Beaufort Sea. More
recently strain meters have been used on ice around structures in order
to estimate ice forces. British Petroleum have pioneered this latter

application (Goodman 1983; Sanderson et al, 1983; Frederking et al,
1984).

Strain meters have certain advantages over stress meters,
- they are easily deployed
~ they do not disturb the ice stress
On the other hand, they have certain disadvantages,
- they measure only surface strain, bending strains may mask the
compressive strains of interest
- their interpretation requires an intimate understanding of how
strain rate relates to ice stress for different kinds of ice at
various temperatures and salinities.
It is beyond the scope of this paper to present the theory for the
interpretation of strain meters. The reader is referred to Sanderson

(1984) for more details.

For additional discussion of various sensor types and their history refer

to 4th Report of Working Group on Testing Methods in Ice, IAHR (1984).
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3.5 In situ sensors - performance data

During the development and application of in situ ice sensors, a variety
of tests have been performed to establish sensor characteristics and
their response in controlled load environments. Basic performance data
required for all sensors is a calibration of output against applied
stress. For most sensors this is easily done in a loadiang press. Such
tests also will indicate any fundamental problems such as non-linearily
and hysteresis which could adversely affect their interpretation. Tests
conducted in a sensitive test machine can also give the stiffness of the
sensor which may be required to interpret the results using inclusion

theory.

Calibration and testing of an ice sensor in a press is relatively simple,
but does not confirm whether the sensor behaves as expected when it is
contained in an ice sheet. Therefore, tests of sensors in ice under
controlled load conditions are very important in establishing confidence
in their readings. Until recently few tests of this nature have been
performed. The exceptions were tests conducted on the Esso panel
(Trofimenkoff, 1977), tests conducted on the Exxon panel (Chen 1981),
tests conducted by Frederking (1980) on a cylindrical sensor and tests
conducted on a biaxial cylindrical sensor (Johnson and Cox, 1980; Cox,
1984). The latter tests were conducted in the laboratory using both
saline and fresh water ice under both uniaxial and biaxial stress
conditions. Laboratory testing of this sensor was feasible because of

its small size (5.72 cm diameter). Typical results from these tests

showed good agreement between applied and measured stresses (within 15%),

a resolution of about 20 kPa, and a temperature sensitivity of about

5 kPa/°C.

In a recent experiment, ten sensor types were tested in a large outdoor
ice basin under controlled load conditons (K.R. Croasdale and Associates
Ltd, 1984; Croasdale et al, 1986). The ice sheet was approximately U.7 m
thick, 50 =m long and 30 m wide. Loads up to 1400 kN were applied at one
end and reacted against an instrumented structure 3 m wide at the other
end. The sensors were placed in the ice in front of the structure
analogous to how they might be used in the field in an ice sheet

sheet surrounding a structure. The overall goal of the research project




WA

was to evaluate how well sensors of various types could predict the

i; forces on a structure, for both short- and long-term loads.

:?-j

;ﬂ Twenty two separate tests were conducted at a variety of load levels.

“4 For most of the tests, most of the sensors yielded an output which

‘t: generally tracked quite well the applied load on the structure. For each
AE: load plateau tested, the ouput from each sensor was converted to an

S average pressure across the reaction structure assuming an elastic stress
; distribution in the ice sheet.

.

-

;:: For each sensor it was then possible to present the results as actual

2 pressure on the structure (obtained directly from the load cells

;.. supporting the reaction structure) against predicted pressure on the

:;f structure obtained from the sensor reading. Results obtained for a

&' typical panel-type sensor are shown in Figure 4. The panel measured the
- average ice stress through its thickness. Where small sensors (e.g.

‘. hydraulic disks) were used these were arranged in a rosette at two levels
‘3 in the ice sheet. The average of the outputs from the two levels was

;j used to obtain the results shown in Figure 5. Results obtained from the

stiff cylindrical bi-axial sensor are shown in Figure 6. The slightly

’ greater scatter obtained from this sensor is most likely due to the

:g problem of using the measured stress as the average through the ice

:i thickness. It was recognized that in some of the later tests, bending

%T was induced in the ice sheet due to tilting back of the reaction

structure. This bending of the ice sheet, although not detectable to the

? eye, also severely affected the use of the strain meters to predict loads
:: on the structure.
W3 In general, the experiment showed that in situ ice stress sensors of

;Z various generic types did respond as expected. For example, the

j‘ panel-type sensors had inclusion factors close to 1.0, which did not

,i change significantly with the time of applied load, i.e. creep. The

! experiment also indicated that for those sensors which were operational,
; the average percentage difference between the actual load on the

: structure and that obtained from the sensors readings was better than

7 about 304,  Sensors which sampled at various levels in the ice sheet
fg showed that a redistribution of stress through the ice sheet thickness
e did occur under long term loads, presumably due to creep. These results
2
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emphasize the need to measure ice stress at more than one level through

‘v‘.‘

»
>

its thickness.
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3.6 In situ sensors - case histories

- -

The exploratory drilling islands which were built in the shallow waters

.'I'

T i

of the Beaufort Sea commencing in 1973 provided a major incentive for the

development and application of in situ ice stress sensors. Artificial

islands are not easily instrumented for ice forces, especially if they

’-

hecome (as most do) surrounded by a grounded ice rubble field. Under

these circumstances, about the only feasible method of deducing ice

YT,

forces is to install in situ sensors in the ice surrounding the island

and grounded rubble.

Initial efforts were based on a small hard sensor developed at the

) dniversity of Alaska (Nelson and Sackinger, 1976). 1In addition, Esso's
research department in Calgary, which was responsible for the monitoring
of the early island, developed a thin wide soft sensor designed to

N penetrate the tull ice thickness. These were usually arranged to measure
i:; radial stresses applied to the island (Figure 2). They were usually

( hard—wired back to a central data acquisition system on the island.

) Soils instruments, such as slope indicators and piezometers, were often
also installed at a site, as well as devices to measure relative movement

hetween the ice and the island.

Table 1 is an extension of a similar table originally prepared by

S
Sl

Sanderson (1984). It summarizes the applications of in situ ice sensors

-
.

(to measure ice forces) which has occurred in the Canadian Arctic from

oL PSR

1974 to the present. As Table 1 indicates, the first five islands were

all instrumented in a similar fashion using Esso panels. The data
gathered provided confirmation of design criteria and insights into ice

structure interaction processes. As well, the instruments were linked to

NAGSTAN IR AL

a real-time ice alert and ice defence system, which provided comfort to
both the operating staff, management, and regulators, especially as

islands were being built in ever increasing water depths.

Results from these early ice force monitoring projects are contained in

the original company reports which are now available through APOA (see

Tahle 1). Sanderson (1Y84) refers to the results and provides a brief
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> bending in the ice sheet which also induced cracking of the ice. The

S bending and cracking of the ice made cowmparison between sensors rather

‘ difficult.

- The instrumentation of the Esso caisson retained island has been

_{ described by Hawkins et al (19Y83). At both sites where the caisson has

2: been deployed (Kadluk and Amerk - see Table 1), in situ ice sensors have

5; been deployed also. Results from the in situ sensors are reported by
Johnson et al (1985), Croasdale (1985), Sayed et al (1986). At the Amerk

< location ice panels were placed in the refrozen ice rubble surrounding

i the caisson. The objective of the program was to investigate load

i transfer through the grounded ice rubble to the steel caisson. The

- results of the work indicate that at low load levels (i.e. 250 kPa

;\ applied at outside edge of rubble), all the load appears to be

:S transferred to the underwater berm via the grounded ice rubble, and the

%: caissons see no load.

C

- Results from the mnonitoring of the 8SDC at Uviluk and other locations

-: have not been published yet.

» One other application of in situ sensors which is in its early stages

> (and is referred to in Table 1) is to measure the driving forces in the

L: pack—ice. In the context of ice forces, the incentives for such

Lﬂ measurements was discussed by Croasdale and others in 1984, A project on
the topic financed by the Government of Canada (proposal - Croasdale,

. 1985) led to a trial deployment of sensors in a multi-year floe in the

iﬁ southern Beaufort Sea in April 1986. The sensors had been specially

? designed for the low stress expected, and extensively cold room tested

’2 prior to field deployment. The results from the program will be

- published in 1987.

-

:ﬁ 3.7 1In situ sensors - comments on installation and removal

; Panel-type sensors are usually installed using long—bladed chain saws.

. The thicker the ice the more difficult this operation becomes. Ice up to

E about 1 m thick is usually no problem, ice thicker than 1.5 m presents

-: quite a challenge. Lven though panel sensors are thin, they are thicker

a than a normal chain saw blade and it is usually necessary to make two

3? parallel cuts about 1U cm apart. Care should be taken to avoid breaking

v
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discussion of an event during which ice stresses up to l.U MPa were

measured. Interpreted average stress across the island width was

1.2 MPa.

In 1981 the Tarsiut caisson island was constructed in 22 m of water. It
was a significant departure in design from the dredged islands built to
that time. Therefore it was decided to invest heavily in instrumentation
for both operational safety and research purposes. The two seasons of
data gathering at Tarsiut are referred to in Table 1 and have been
discussed by Sanderson (1984), and Pilkington et at (1983). Note that
the Medof panel is based on the internal design of the original Esso
panel but uses the volume change of a fluid to indicate strain (the
original Esso sensor measured capacitance). Also note that the Tarsiut
second-season program utilized surface strain meters as a method of
estimating total loads on the island (Sanderson, 1984). No results from
the Tarsiut monitoring programs have yet been published but Pilkington
et al (19%3) notes that "The strain-gauged flat jack panels (on the
structure) and the Medof panels (in-situ) provided the best ice load
information, and generally, reasonable agreement wgé noted betw.en these

instruments where they could be compared.”

Adams Island is a small natural rock island at the north end of Baffin
Island. It was chosen by the National Research Council of Canada as a
site to conduct ice interaction research. In situ instruments, both
stress meters and strain meters were used. Details of the programs and
results are given by Frederking et al (1984 and 1986). A typical output
from one of the biaxial stress sensors is shown as Figure 7. Maximum
principal compressive stress measured in the ice was about 350 KPa. (The
ice was land-fast, with movements up to 300 mm/day and a strong tidal

cycle).

The Nanisivik Dock on Baffin Island was also a site where in situ
instruments were deployed during the winter of 1983/84 (see Table 1).
Four different types of stress sensor and one strain meter were used.
The overall objective of the program was to compare results from a
variety of sensors installed at the same location. The results are
described by Croasdale (1985). In general, compressive stresses in the

ice around the dock were low. There was a strong tidal cycle causing
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through to water until the full slot perimeter has been cut as deep as

possible (dry slots are easier to cut than wet slots, especially in

extremely cold weather).

[f a chain saw is not available a slot can be made using a continuous
line of augered holes, broken between if necessary, using an ice chisel.
Where a major installation of ice panels is planned around a structure, a
tractor equipped with a ditching blade is well worth having, and will
save considerable labour. Slots can also be cut with steam or hot water,

which incidentally, is the preferred method of panel removal.

Panel-type sensors should never be placed closer together than about 2 m.
It is important to perform final checks on the sensor operation and to
take zero readings prior to installing the sensors in their slots
(recognizing that the temperature of the sensor lying on the ice will
usually be colder than when it is frozen in). Freeze-in stresses will
often be recorded by sensors (typically up to 35U kPa), but they are
usually relieved by creep over a period of the first few days of

operation of the sensor.

Smaller cylindrical and disk-type sensors (say less than 10 cm diameter)
can be installed in augered holes. This operation of course is much
easier. In this case the depth of the holes can be set less than the ice
thickness and the sensors flooded from the top. The only advantage is to
be able to use fresh water rather than saline water when operating on sea
ice. Experience indicates that under typical winter arctic conditions

the choice of sea water or fresh water as a backfill material is not

critical. Under warm conditions, fresh water is preferred in order to

-J'h%

avoid the low modulus associated with warm saline ice. Under relatively

o

warm conditions the freezing—in process can be accelerated by using a

pack of dry ice at the surface and by putting back the ice cuttings into

AL ARx

the augered hole after sensor installation.

.8
o In situ calibrations of ice sensors have been attempted using thin flat
e
o jacks inserted into slots close to the sensors. Results from these
X
:: calibrations are often ambiguous because of uncertainty about the actual
e stress distribution induced in the ice by the flat jack. For sensors
]
:. which are temperature sensitive it is usually necessary to install a
~
&‘
»
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thermistor string close to the sensor through the ice thickness. Sensors

should be installed in a flat and even area of the ice sheet, away from

T T PN

any cracks which may already be in the ice. If it is not possible to

v %

install a rosette of stress sensors, then a strain meter rosette on the

ice surface near the stress sensor may be very helpful in interpretation

TR

Wy

of the stress readings.

3.8 In situ ice sensors — the future

The technology of ice stress sensors is now reasonably well developed.
Sensors of various geometries ranging from thin wide panels to small
stiff cylindrical sensors appear to function satisfactorily. Remaining
problems are;

= improving installation and removal procedures especially for
remote applications;

- development of a sensor which does not have to be frozen-in (for
summer multi-year floe impact studies either by ships or against
structures);

- reducing sensor costs (so that they can be abandoned if
necessary);

- further work on low stress range sensors for pack ice force

measurenments (work on this has already started; Croasdale, 1985).

4,0 Ice Forces from Floe Motions

Another approach to measuring ice forces during ice-structure interaction
is to deduce the ice forces from floe motions during an impact. Such an
approach vas used at Hans Island ian 1980, 1981 and 1983, At Hans Island
the decelerations of multi-year floes impacting the island were measured.
By also estimating the mass of the floes, the ice forces acting between

floe and island were deduced. These experiments have been described by

Metge et al (1981) and Danielewicz et al (1983). Readers are referred to

these references for a detailed discussion of the technique.

5.0 Loads on Structures

5.1 General

Where structure; are placed in ice~covered waters an opportunity is
presented for direct measurement of ice loads. Generally this can be
accomplished by one of three fundamental approaches: (i) measure

strains, deformations or movements of the structure itself, {(ii) addition

oy O W W
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of load sensing panels to the structure, and (iii) in cases of dynamic

1: loads, measure accelerations of the structure, which, when combined with
?j:. a knowledge of the dynamic response of the structure, allows loads to be |
Q:;' determined. All three, but particularly the first two approaches
1 ' generate information relevant to both local and global ice loads.

'.S The first direct measurements of ice loads were on hydranlic structures
1\ e e y <

::j such as bridge piers, dams and lighthouses. Measurements were carried

: out in the Soviet Union, United States of America, Germany, and Canada
’-ﬂ: prior to 1970, In the past decade and a half, efforts have concentrated
:? on measurements on offshore structures in marine environments. As

;E' indicated in the introduction, this review will concentrate on more
{‘ recent experience in North America. Each of the three measurement
o approaches will now be considered in general. The remainder of this
:i: chapter will contain a number of case studies, critical comments and a

i: concluding statement on the current status and future directions.

P

..

.:j 5.1.1 Structural measurements

f: The structure itself can be used as a transducer by measuring strain in
o components of the structure, relative deformations between parts of the

structure, or absolute movements of the structure. In all cases some
form of calibration is needed to convert the measurements into ice loads.
Conversion can be accomplished by analytical calculations or by physical
load calibration tests. Analytical calibrations require an accurate

description of the geometry of the compeonents of the structure, the

nature of the interconnections between the components, and the

constitutive relations for the materials from which the components are

" constructed. In large steel or reinforced concrete structures such

; analytical expressions generally exist since they are used in design.

':; However they require adaptation to make thea suitable for load

i: predictions. When such expressions can be derived with adequate

::f accuracy, point !sads or load distributions can be deduced from strain or
:' leformation measurements in the structure. Ambiguities in interpretation
;:f may arise due ) redundancfes in the load paths between load application
<
.::; polats and strain gange locations. Analytical calculations also are

-

l' . l"‘-

required to optinise the location of instrumentation.
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Alternatively, physical calibration tests can be done, i.e. known loads
or load distributions are applied to the structure and the resulting
strains or deflections are measured. Physical calibrations potentially
are more accurate provided that the nature of the actual ice load is
correctly anticipated. However, physical calibrations are expensive to
perform and have a limit on how far they can be extrapolated. Ideally a

combination of physical and analytical calibrations should be used.

The actual type of transducer used in this type of measurement includes
strain gauges or displacement transducers. Strain gauges are bonded to
parts of the structure which are expected to have high sensitivity and
accurate response to the anticipated loads. Similarily, displacement
transducers, pendulums, borehole inclinometers or laser beams have heen
used to measure relative displacements between different parts of a
structure. Surveying iastruments including laser ranging devices are

used to measure absolute displacements of the structure.

5.1.2 Add-on transducers

Load sensinyg panels have been placed on or in the outer surface of
structures to measure ice loads. These are special purpose instruments
which are designed or adapted to directly measare ice loads. In essence
they consist of some sort of plate or panel to collect ice load aad a
load measaring traonsducer. The colluector panel can vary in size from a
few millimeters to a4 few meters. Ine load mnecdasaring traasdacer can have
several levels »f sophistication; {.e. measare tohtal aormal Laads, sthear
loads and load distributions.  They can procide a0 armati on o o0 ahag

lnads, local loads and pressare-area distribhat o as,

Load or pressare panels are g moare Jirect wrs 00 wamarios oo i g
structural measurements, Hut bridgiae et eot s e B S S S
problem of in situ transducers) prosent sroalemse 0 0L e was .

match the stiffness and surtice chars teriaty s 00 v vy L0, v

those of the structure. This tasw (s not tri o1

stiffer than the surrounding stractare i1 w300 1o 0 T o
if it is more compliant it will tead to Sshed g,

elastic nor a simple fluid, bt {5 wis ~iasry | o 0

of pressure is complex. It is desirihle thiae WERNIE !

using ice.
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No theory, similar to that for in situ transducers, has been developed

for the design and placement of force or pressure transducers on

structures subject to ice loads. Graham et al (1Y83) have sugested

criteria, which, while developed for soils, could in the absence of any
other guidelines, be applied for ice. The following criteria might be
applied: (i) for a diaphram type pressure sensor under a uniform
pressure the ratio of diaphram diameter to centre deflection shonld
exceed 2000 at rated pressure, (ii) for a rigid plate transducer the
ratio of diameter to deflection should exceed 10,000 at rated load. This

is a subject which requires further work.

One class of transducer includes small circular diaphram types whi-n use
strain gauges or pressure gauges to measure ice pressures on their

sensing surface. The sensing surface is generally nmountedi flush with the

structure surfdce. The other class of transducer uses a large panel with

-~
e poadd

some type of load cell sandwiched between {t and the structure,

cells employ strain gauges or hydraulic pressure tranducers as soasinag

elements.

>.1.3 Accelerometers
v the case of dynamic loadiag Lt 15 possible to ase acoelormetoers
Medsare the dvaamic response efither ot components or the tatal St e,
Caswing the dryanic characteristics ot the stractoare, v e i T
t1 e deteraiied from oacceleritd o measareaent s e dooann
tooablimrioam o qred
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phvsical calibrations can bhe carried out whereby a known load is applied
to the structure and the dynamic response measured. From the dynamic
response a transter function can be derived which allows dynamic forces

to he catculated from measured accelerations.

ol lie load case studies

o oaentioned in the introduction of this chapter there have been a number
toprojects to measure ice loads on structures. A partial inventory of
such projects, together with some of their salient features is presented

in Table 2, In selected instances more detailed information follows.

.20l bridye piers
~ovo on hridpe piers has shown that simple load measuring systems, noses
sl tes hinged below the water line and supported by a load cell above
fiie wiater Uine, are most reliable. They only produce information on
rot i doatls, however, such systems can be made relatively stiff and
vt antaln ice loads independent of the measuring system
tivacteristics. The piers themselt may have a natural frequency in the
oo o0 tue applled ice loads.  Therefore it is important to know the
oo cnracteristices of the pier so that true ice forces can be
crpreted, tree ot oany resonant condition.  Whatever type of ice load
Sespemenr iy made, 1t s highly desirable that realistic physical

cirnr gt tests be carried out.  This is particularly so in the case of

pies tor neasarewent of {ee forces on lightplers are similar in

: Coaper ts U tiase of o hridge pilerss An additional approach wshich was
oot tar o ddishtpiers s to measare the acceleration response of the
' o aise taemniainag the accelerations with the structure
ot sty s tls oassed D osection D0l 3, ice torces can he
‘ T oo pronlen with easurements o lightpiers is
, oo o Tt s ey ecessacry to have veliable seltmeontained
Cat o soate s o rne pier combined with cither g felemetry

votserraay data ta o shoore Sstation or 4 vecnddiiny o susten o
et ap ottty bast throaashoat the measarti s

v o e et s,
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5.2,3 Petroleum exploration structures

Tarsiut

Tarsiut is the location of a concrete caisson retained island in the
Beaufort Sea. It comprises 4 sand-filled caissons which in turn enclose
a sand-filled core. The structure is about 10U m across at the water
line and has a vertical outer surface. The caissons are 10 m high and
rest on a berm which comes to within 6 m of the water surface. The
structure was extensivley instrumented to measure ice loads (Pilkington
et al, 1983) both for operational safety reasons and for future design.

See Figure 8 for a schematic presentation of instrumentation locations,

Instrumentation comprised sensors to measure loads on the outer face,
strain gauges embedded in the concrete and geotechnical sensors in the
foundation and core. The strain gauges were of a weldable type and were
attached to the steel reinforcing rods in the concrete. Gauge locations
were selected on the basis of finite element calculations which also
provided calibration coefficients for converting the measured strains to
ice loads. From the distribution of gauges it was possible to establish
Inad distributions and global loads. In spite of the care taken in the
installation of gauges and cables, only a third of the gauges were
operational at the begining of the measurement program. Fortunately
there was sufficient redundancy that useful results could stil) be
obtained. A system of four 4 m by 4 m flat jack panels was attached to
the outside of the east caisson (see Fig. 8 for locations). The outer
face of each panel was a 89 mm thick steel plate to ensure that applied
ice loads were uniformly distributed to the 16 flat jacks behind each

panel. Pressure transducers measured the flat jack pressures.

Clrcular load cells were mounted in 880 mm diameter recesses in the north
caisson. The sensing face was supported on shear bars or spiral coil
hydraulic hoses, For more details on the characteristics of these
transducers see Graham et al (1983). The shear bar transducers had a
number of desirable features (low temperature coefficlent, no creep and
high stiftness).  The spiral coil transducers had less desirable teatures
but were [nexpensive. Unfortunately a storm in the antumn led to water
entering these sauges and making a number of them inoperable. Finally

eight 990 mm diameter microstud pauges were installed in one of the flat
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jack panels to measure local pressures. These were a diaphram type of

pressure gauge.

Experience over the winter 1981/82 showed that the embedded strain gauges
and flat jacks provided consistent and reasonable ice load information.
Inclinometers provided qualitative confirmation of major ice loading

events and quantitative information for operational purposes.

Single Steel Drilling Caisson

The SSDC is a converted super tanker which has undergone extensive
modifications to adapt it for use as a support structure for year-round
exploratory drilling in the Beaufort Sea. The structure is 162 m long,
53 m wide, and 25 m high and is designed to rest in a water depth of 9 m.
A submarine berm 1s constructed to achieve this water depth. All sides
are vertical at the water line. This structure was usually surrounded by

a small grounded rubble field.

A total of 16 1 x 2 m Medof panels was attached to the outer hull of the
bow, port side and stern in side-by-side pair arrays. There were also
two flat jacks on the bow and a number of shear bar panel sensors on the
starboard side. The shear bar panels had sensor areas 0.5 x 0.5 m,

L x 1mand 1 x 2 m. They were arranged in arrays so that vertical ice
pressure distributions and an indication of pressure-area relations could
be obtalned. Bulkheads were also strain-gauged. The shear bar
transducers performed well under dynamic ice loads. A critical feature
in the installation was the protection of the electrical cables from the
ice pressure panels. They ran up the outside of the hull, and although
protected behind steel angles, still were subject to damage due to supply

boats impacting on them.

Caisson Retained Island

The CRI is an eight-segment octagonal-shaped steel structure. It is
about 118 m across on the flats, 12 m high and the outer face is inclined
(ht° from the vertical). A central core Y2 m across i{s filled with sand.
Instrumentation consists ot sensors for ice loads on the outer surface of
the calsson, straln gauges on structural elements of the caisson and

geontechnical sensors In the sand core and ander the foundation (Hawkins
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f‘t: et al 1983). A schcmatic of the layout of the sensors is shown in
o Figure 9.

ey

IONS

:N\‘!

S Ice force sensors on the outer surface comprise three different sizes and
A . o

I types. The smallest, microcells, are 165 mm in diameter. They are a

temperature compensated strain-gauged diaphram type. Four clusters of 4
seusors are mounted on the north quadrant of the caisson at the water

line. They measure point or local ice loads and have high load capacity

\ )- and short response time. The sensors are mounted flush with the caisson
f:ﬁj surface. The next type of sensor is an 815 mm diameter maxicell. These
:gt sensors measure pressure in a spiral coiled hydraulic tube sandwiched
‘:;: between two steel plates. It is effectively a loid cell with an

: . equivalent capacity of 7 MPa. Because of its construction it does not
'xJ? have a short response time. A total of 8 of these sensors are mounted on
'Jé% the southern half of the caisson. They are supported by structural

.;Sﬁ stringers and are flush with the surface. The third type of sensor is a

shear bar type with a load sensing surface 2.1 m high by .5 m wide.
Strain gauged shear bars sense the normal component of the ice load
applied to them. Nine of these sensors are deployed around the northern
half of the calsson. For more details on the specifications ot these
sensors see Graham et al (1Y83). The internal structure of the caissons
is instrumented with 156 weldable strain gauges. The locations were
determined from a finite element analysis which also provided a1 means tor

interpreting the fce loading from the measured stra ns.

.
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The Molikpaq is a bottom founded steel calsson structure designed for
year-round use in the Beaufort Sea. It is 8Y m across at the water line
and encloses a sand-filled core. The exterior surface is sloped at 1:10
from the vertical. The structure has been deployed in water depths
exceeding 20 n which places it in an area of moving ice most of the
winter. Consequently no protective rubble field forms around the

structure.

An e<tensive array of sensors is installed on the structure to help
assure operational satety as well as to provide collecting data for

analvsis purposes (Rogers et al 1986). The instrumentation includes

Medot ice Load panels on the outer surface of the structure, strain

.\1- Janges on various internal elements of the caisson, extensometers to

-

"o . . N .

e aeasare global Jdistortion of the caisson, accelervmeters, plezometers,

-'_:-'. 3

v tatal pressare cells to measare ianteraction pressures hetween the base ot
o

L) 2

the catssos ot the soll toundation, inplace inclinometers to measure

_,'-',': ot ive det armations ot the sand core, and video cameras to document
e ‘ . s
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of the ballast water in the ballast tanks of the caisson. In this way a
known physical load could be generated to verify the response of the

strain gauges.

The strain gauges, Medof panels and out-of-round distortion of the
caisson have produced consistent predictions of global ice loads.
Because of the absence of a rubble field the ice loading has a strong
dynamic character. The accelerumeters and strain gauges gave similar

results indicating ice loading frequencies in the range 0.5 to 4 Hz.

...+ Measurements on ships

Techiniques used to measure ice loads on ships provide another source of
experience wiieh can be examined. They are similar to those used on
stravtures, so are of definite interest. A number of studies carried out
1!l some ot their features are enumerated in Table 2. The following

fi<ussion will tocus brietly on the techniques used.

The taist catesory ot techaique to be examined is that ot "add-on”
sansders s medasare loads or more correctly averdyge pressures.  Une
M e T i mm o diameter strain gauyed diaphrar pressure sensor

poscte b i Wit the hallo oot the Thouis St. Laareat ™. he sensors are
g o v s aeeded to produace useable results, however they do

Do e e whiich spactal o and temporal vartations ot local lce

e Voo st g et Anather 1 the “Varsta’ yauge which uses the
Ve ~cta i o atar stittening riogg g sapports welded to the
" N e st ittet o vasared that the "sensor element ,”
‘. anot o dlameter s e Tiwee a0 cdrounar plate rigidly
R T il e e e, Vs acement transducer measuares
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. The other approach is to apply strain gauges to the structural frame
- elements of the vessel which, together with a finite element analyis,
-
O allows ice loads to be determined. 8oth total loads and load
. distribution can be determined. As with structures, the location of the
.
T gauges is critical. The anticipated ice loading has to be simulated in
,: order to interpret the straiun results. Global loads are generally
SN . . . . .
- interpreted by treating the hull girder as a beam in bending. Another
..-\ . . . : . —~ .
o approach to obtain load distribution information as well as total loads
' is to measure shear strain ditfference between upper and lower eads of a
S frame and interpret it with a load influence coefficient matrix generated
L B
- with a finite element analysis. These techniques have been successful.
-
L2
-
. 5.3 Loads on structures - comments
N The load measaring instrumentation which has been most successful has
- hbeen the large panel type of transducer having a contact area in the
- yraer ot L owf. These large panels can be made quite rugged. The results

tier o odice can o he ased successtully to predict total leoads acting on a

strocoares Saan ter transdue ers have produced useful information on local

P bondies o ST s bt appavently have not been of much use in the case

’ 5 Y
'l.‘\‘\)\) Pard .

oo L servactares.s boothe case of any type of panel type transducer,
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A i el o e Taridviag” phenomenon,
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care, attention to detail and "good luck," are necessary components to a

successfull program.

6.0 Conclusions

Field techniques for ice force measurements have been the subject of a
number of major studies over the past decade. Extensive instrumentation
is now available, both in the form of transducers and data loggers. An
adequate theoretical basis is available in most cases for interpreting
results. Our understanding of ice forces on structures is still,
however, incomplete. Every opportunity must, therefore, be taken to use
the techniques available to measure and observe ice/structure interaction

phenomena.
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¢ TABLE 1 APPLICATION OF IN-SITU METHODS FOR [Ct FORCE MEASUREMENTS IN CANADTAN ARCTIC
”. (after sanderson, 1984)
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! SITE ‘ UATE ! WATER COMPANY I IN-SIT) OTHER J SUYRCE i
‘\ ! | DEPTH IR METHOD INSTRUMENTATION |
. | ) AGENCY ‘
b - | 1 -
. V 1 ‘ j 1
{ Aggo P-25 |o1s74775 2 £550 -U of Alaska -sp1ls instruments | APQOA 104 |
| (Artrfrcral | | {lnperial) small -wire/reel 1ce i Metge 11476 !
i Islana, | i | cylindrical movement devices | Nelson and '
! , ' stress sensorsy -meteorology 1 Sackrager (1976)
b -Esso thin wide ’
{ ! l I stress sensors ’
— | SR } . .
: t ' | | ’
oNetser R E PRV LU 4.5 Esso I-Esso thin -s01ls Instruments ADOA )4 )
; Soutn ! ! {Imperyal) | wide stress -wire/reel 1ce Metyge 1476) |
. 3-33 ' panels ( 20) movement devices ‘
boArtificra - meteorology
| Island) | o |
4 ) | 1 ! i '
i Netsers T VR L ? {550 i | —sorls tnstruoents | APUA 1k |
v Nortn ! ‘ (impertal)  j-£s50 thin | -wire/reel ice [ostrilchuk (1977)
oF-ap ) ; | wide stress l movement deviies|
D{Arntioal ‘ L E panels (13) { -meteorology ‘
p__tslard) | | 1
+ '
| Kanners 1197677 : £550 T-ﬁsw thin -s0ils instruments | APOA |22
| a-d2 ! | and "Tlmpertal) | wide stress -1¢e Mmovement Semerniuk {1977)
{ and E ! 3.5 i l panels -meteorulogy
joArnax L-30 4 | )
, Artificiall ) !
1 RN { | t |
+ ¢ ﬁ 1 1 i ‘{
b oTarsiut 1981 /82 | 22 } aul fy Dome | -Medof panels -s01ls anstryments ; APOA 197
boN-ad | i and B,P. [-BP strain -strarn gauges | Pilkington
I {Zatsson | | | meters on caissans ‘ and atners,
i [stanag) 1 ! ; -load panels on i (1983}
; i 31scong
‘1 k . { ] ! _meteoroiogy
L | i | |
Uviluk P-66 1432/83 3N Dome /Cammar -Medot panels -s011s 1nstruments Lin preparation)
(Singie -strain gauges
Steel and load panels
Orilling on structure
Caisson) -meteorology
b
Multi-year 1986 30cm K.R. -2 arrays of { -Argos buoy for Croasdale {1984
Floe in Croasdale specially v position and 1 ant 1985)
pack ice of and designed low novement of floe | !
Beaufort Assoctiates stress range i
Sea Ltd. ! !
supported by Sensors ] |
Canadran Govt !
and Gu)f \ ‘
Canada | ;
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~3 | Tarstut 1982/33 22 Gulf; 8P -Medof panels (As above) APOA 198 |
"~ ©oN-44 and ARCO -BP strain Anderson (1983) I
".} | (Carsson Meters Sanderscn (1983)
) i “siand) -ARCO hydraulic |
N L stress panels J
v f !
K, b Adans 1982/83 10 National -IRAD stiff -strains by Frederking et al |
.\J' Isiand Research btaxial stress survey {19841 i
"r" ! Council of sensors -meteorology, H
4 ' Canada, -BP strain tides currents 1
N4 l HSYA' BP meters ‘
g .|
ol |
' 1 Adams 1983/84 10 National -IRAD biaxial -strains by survey | Fregeriing et al %
R « Is'and Research stress sensors and wireiine (1986) ;
- l Council of -Terrascience -meteorology, tides
N J Canada, (IDEAL) currents
et I HSVA stress panel
“~ F— i
Ch , |
":,' [ vagluc 1933784 14.5 £ss0; CRREIL | -IRAD biaxial -soils instruments | Johnson et a! [
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) ! Islandg)} panels caissons |
1 -meteorology, 1ce |
i movement J
—
! B
T oNanIs vk 193384 13 Puplic works  -Four different| -tides Croasdale [1985)
Ty Canada types of -meteorology
i Baffin stress sensors
;o Isiand -One strain
\ meter
> {
> |
! 0 i Amer< 0-09 1983/84 26 National -Exxon panels -strains by survey { Croasdale {1985);
\.- v (Caisson Research -Hexpack panels{ -soils instruments Sayed et al
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TABLE 2 CASES OF ICE FORCES MEASUREMENTS ON STRUCTURES

SITE DATES COMPANY OR AGENCY METHOD/ INSTRUMENTATION SOURCE
a)Bridge Piers
Hondo, Alberta 1967 -present Alberta Research bridge pier with special Sanden and
Council and Alberta | nose section hinged at Neill {1968)
Highways bottom and supported by
load cell at top; 2.3m ¢ | Montogomery
23* from vertical added et al (1980)
accelerometers,
Pembridge, 1969-present bridge & pier with
Alberta special pila hinged

at bottom and
supported on load
cells at top; 0.86m ¢
vertical; ice
thickness 0.5m

4

N
T
) Eider 1967-69 Technical University! Array of 50 load cells Schwarz
e River Estuary of Hanover covering contact (1970)
St Germany surface 1,5m high of
B} 0.6m diameter pile,
ice thickness 0.4m
>
e Yukon River, 1977-80 Cold Regiuns 5-1.5n x .5m wide plates McFadden
:-'.'- Alaska Research and supported on a strain et al (1981)
o Engineering Lab and | gauge beg - to measure ice
NI University of Alaska| load on nose of pier, 2-
::_.: 1.8m x 1.8m plates

supported on load cells to
measure total 1ce load,
accelerometers

i

he L]
e
S Jttauquechee Cold Regions 4-0.56m x 1,22 panel Sodr1
SN River, Vermont 1982 Research and supported on load pier, et al {1983)
oy Engineering Lab, panels cover 2.5m vertical
S range of V-shaped pier
.
f ."‘
4 - -
i bjLight Piers
S Yamichiche, 1975-present Transport Canada Load panels supported on Danys (197%)
“u, Quebec and National Toad cells,; ice thickness| Frederking '
N Research Counci 0.6m et al {1985) i
<a
D" o
..-’_'._ Kemi [, Finland 1975-77 University of Qulu relative deformations of Madttanen
S pier, 200 mm  pressure (1978)
> sensing plates and
') accelerometers
\'D
\'_ Norstromsgrund, 1972-present VBB Consulting Forces calculated from Engelbrektson
. Sweden records of 4 accelero- (1978)
o : meters 1
M . c) Petroleum Exploration and Structures
‘o Production
~— Cook Inlet, 1963-69 Pan American Strain gauges on Blenkarn
o Alaska petroleum Corp. structural members, o,9m {1970)
,,.:‘ accelerometers; ice
- thickness 1.1m
"y | |
o |
i Sarome Tagonn, 1970-89 | Mitsu strain gauges inside | Jshima et al
(" Japan \ 2.5m  cylinder | {1980)
®. cantilevered from sea
- bottom to measure
T horizontal and vertica!
- ice loads.
- -
".
":._‘ Tarsiut 19531 -83 5ulf/Canmar Tce pressure measuring 2yvikingtoan
RN panels of various sizes, et al [1943)
e strain gauges internal o
- structure, sorl prassure Weaver and i
. celis,piezometers and Berzing {1983
"y inzl1nometers )
T ]
&‘._s
1%
‘W-'P‘\
A
A
ha™ 195
@
1:. : o
oy s 1% % 11 ‘g ) RIS | J.'-'.(v.,{', _,*r,,-.,-,,,- o ""‘J
ny 'v,pgp,'w < N ,,.q' : > IJ’ N .l'z "\’V i‘.z- _4\?': o ; :\r 2 , O

'b ‘\-'x N "',a'.)-

) N

" -i' -’
ot "‘-"'n .'0""'."'. Lt h."‘.‘n Attty -'|‘ 'o S M A .,o SISO I M X ﬁ"h ﬁ .' ﬁ



- -~
If"' 2 w2 X

AL

IR

Ry

LU NAN

"TaY

»

»

C

PP
PR .
L .. a -.

o a

v

'

3

PRt

I

YIXX

S

L]

@ 3525 A Y9 st

structural elements,
piezometers and
inclinometers |

| ssuc 1982-84 Canmar
I Rl 1983-85 Esso Resources lce pressure sensors, Hawxins et a
! Canada strain gauges or internal (1983)
l .ructure, pirezometers
l and inclinometers
[ Molikpag 1984-present Gulf Canada Ice pressure panels, Rogers, et al
. Resources strain gauges, 11986)
accelerometers,
displacement transducers,
prezometers and
i inclinometers
I
Super CIUS 1984-present Global Marine lce pressure panels, detmore
! strain yauges 1n 11984)
L
I
!
]
i

1
Kulluk 1383-35 Sult lce Voads monitored from | Gcards et al
toads measured 1n anchor {1983)
lines
d) ships
S1su, Finlana 1977-82 Technical Research "varsta" ice pressure Riska et al
Centre of Finland gauges and strain (1983)
gauges on frames
‘ |
i Louis S. St ' 1977-30 Canadian Coast 15mm ¢ ice pressure Comfort & Noble
| taurant, Zanads ; Guard/Arctec transducers, Strain (1979)
JA Canada yauges on fames
4
| Canmar Kigoriak, 1980-83 Canmar "Varsta" ice pressure Ghonein &
Canada gauges, strain gauges to | Keinonen (1983)
measure shear and bending
ice frames, webs and
plating.
Canartic and
M.V, Arctic, 1978-86 Transport Weldable strain gauges oni{ Neth et al
Canada Development Centre frames and plates. (1983)
U.S. Coast Guard strain gauging of frames Daley et al
Polar Sea, 1983 and Maritime to measure load distribu- (1984)
JSA Administration tions over 10m¢ area,
Polarstern, 1984-85 Hamburg Ship Normal and 2 shear loads Schwarz and
Germany Model Basin (in 2 orthogonal Muller {1985)
directions) on a im? area
plate supported on load;
\ cells; strain gauges on
| frame
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?{- A state-of-the-art review is presented for iceberg impact forces on offshore structures. A
Yl . . . . . .
detailed description is given of the expected brittle crushing failure of the ice. Since no
iceberg impacts have been observed. the description was obtained from laboratory and field
o Impact tests. Various strength theories are discussed. The drop ball test is analyzed for the
o constant strength and viscous strength theories. and it is concluded that the results do not
' significantly differ. Therefore, the simpler constant strength theory is recommended for use.
o A review of the literature showed that there is very little published data on the brittle impact
A _ .
) : strength of ice. particularly in regard to the so-called size effect. There are some proprietary
ket
o data in the oil industry.
o A review is given for the analysis of an iceberg impacting a structure. The resulting deforma-
::::: tion and motion of the iceberg, structure. and soil influence the interaction force. A review of
:? the literature suggests that ice crushing, local contact shapes. and iceberg rotation are the
.“'-" more significant factors. A simplified equation is developed to account for the honzontal
I
K rotation of the iceberg.
D)
\
s
DAl Since the iceberg parameters can vary over wide ranges. it is recommended that each
.o"p
°. parameter be described by a probability of exceedance distribution. A numerical method i1s
i.j described to obtain the probability of exceeding the impact force.
Nt
R
\j: The design ice force should then be selected by a return period or the probability of exceeding
‘:" the force for a given time period. The over turning and torsional moments on the structure can
o be similarly selected.
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INTRODUCTION ]

This paper gives a state-of-the-art review of iceberg impact forces on offshore structures. ;

NN

This problem is important for the design of offshore structures in areas of drifting ice islands in

S

the Beaufort Sea and icebergs along the eastern Canadian coast. The oil industry is
considering offshore structures in these areas. This review considers icebergs impacting

PALEI IS

rigid structures sitting on the seabed. In-depth discussions are presented for the iceberg
impact strength. the overall interaction between the iceberg and the structure, and methods

-

for statistically describing the impact force. Areas that have not been included are iceberg
impacts with the seabed or underwater berms, iceberg impacts with floating or moored

» 4 2 8 8

structures, and the influence of iceberg management, such as destruction and towing, on the
frequency of collisions.

(- IMPACT FAILURE MODES

LZ When a drifting iceberg impacts an offshore structure. the impact force depends upon the
mode of failure and the associated ice strength. Since iceberg failure modes during impact
have not been observed. possible failure modes are discussed by considering what is
reasonable to expect. Possivle modes of failure are crushing, splitting, and bending. The
crushing mode is the most reasonable to expect. The splitting mode might occur for smaller
( icebergs after some crushing has occurred. In this case the splitting would limit the maximum
K crushing force. The bending mode could occur if the iceberg were shaped like a beam or
S plate. Icebergs along eastern Canada are typically globular in shape rather than shaped as a
4 beam or plate.

The crusning mode of failure can be classified according to the depth of penetration and
N speed of impact. Deep penetrations produce different failure mechanisms than shaliow
N . 2netrations. For offshore structures. we envision shallow penetrations because of the
! bluntness of the structure. There has been some work performed on ice impacts with deep
) penetration. particularly for high speeds, but this work 1s not applicable here and therefore
was not considered.

For shailow penetration, there could be two faillure modes depending upon the speed of
impact. For slow speeds. a ductite-type failure will occur where the crushing strength is rate
dependent because of the creep and flow of the ice. For speeds slow enough to create ductile

« e e e n

fallures. the 1ceberg does not have encugh kinetic energy to create large impact forces. For
fast speeds. a brittle-type failure will occur. These two faillure modes are demonstrated In

obtained using sea ice and a similar behavior i1s expected for iceberg ice. The transition

3 Figure 1 by the different force signatures as obtained by Kitami et al.{29 1. Kitami's data were
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speed between ductile and brittle failure depends upon temperature. and it1s estimated to be
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about cre centimeter per second.
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Figure 1a. Fast Brittie Failure Figure 1b. Slow Ductile Failure
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STRENGTH THEORIES
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Numerous strength theories have been suggested for ice impact failure. The simplest and

| o

most frequently used is the “constant strength™ theory. This theory assumes that the contact

oressure between the ice and structure 1s uniform over the contact area and 1s constant

.\_.-

L . .
: during the impact. Varations of this theory can be considered where the crushing pressure is
W

-":'. a‘tunction of veltocity or strain rate. porosity or density. temperature. crystailine structure. and

O

size or contact area. The velocity or strain rate dependencies which have been

«;'.: proposed 10.11.40.42" are those obtained from ductile modes of failure which have not been
N serfiec ‘or onttle modes of failure. If the strength is velocity dependent. it should be deter-
"~ g Y
j mired frcm brttie modes of faillure. not the ductile mode which primarily reflects the creep of
L J the ire
Y
-~
;:Z; Tre strergtr s comimornty consigered a function of the contact area Several authors| 11 42
- gerye thes functian from the aspect ratio (width of structure divided by ce thickness) This
 J aspect ‘unchion was empncally developed from experiments of cylinders indenting ice
Y
:';: sreets 30 slow speeds where the presence ¢f the top and bottom free surfaces of the ice
¥ )

:,: eet nfiyence the fal re load. This 1s not applicable for brittle crushing of icebergs. and
'S

O rrerefcos tYs Appriach s questionable.

Pl _u

®.

:" Foracrasming strength. the energy per unit volume of crushed matenai has been proposed
‘ 3 Dy somie authons 2 23 26.27  Thisiscalled specific energy. Specific energy. in principle. 1s
L)
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a aifferent strength criteria However, 1t the volume of penetration 1s used for the specific

PO

energy. the specific energy 1s equivalent to the constant strength critena.
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b Brittle fracture theory considers the nucleation and propagation of cracks. Crushing oi the ice
\ involves many cracks and breaking of the ice pieces into smaller particles. The crushing
'_f.z- process of the «ce is too compleatea o be descrihed by brittle fracture theory. The brittle
\ fracture theory 1s used to estimate sphitting of ice floest 10| A similar approach can be used to
: estipnate the seitting of icebergs. For wcepergs. the mamn problem s the estimation of the
" tensig stresses near the crushed contact zone since the crack propagates from this zone. It
:‘ .« probably dependent upon the damage and local geometry created by the crushing
H pIoCess
%
.:: The shear strength criterion can be applied to ice failure. Shear fallure can occur in uniaxial
’ and multiaxial compression. The shear strength I1s represented by failure surfaces in the
.' principal strass space. The shear strength of ice is associated with the amount ¢f internal
g damage of the ice. Asthe iceisioaded. internal cracks occur. With increased cracking. the ice
, can flow along maximum shear lines causing collapse and faillure. The shear strength is a
Q'_-I function of either the hydrostatic stress or the normal stress on the shear plane. Generally the
{ y shear strength is associated with ductile modes of failure. but could also be applied to brittle
'. modes. For the broken and pulverized zone of ice that occurs during impact in the brittle
fallure mode. a viscous theory has been proposed by Kheisin et al | 24,31 . This theory will be
' elaborated on later in the paper.
_\ Although strain fallure theories have been proposed for some types of ice problems. the
~ application of a strain failure to the iceberg impact problem has not been proposed.
® Hertzian contact stresses are associated with deformation of the contacting bodies. not the
\ strength of the matenais. Khrapaty and Berezovskii 25 have extended the Hertzian idea to
\ estimate contact stresses as a function of penetration
2
"o BRITTLE CRUSHING FAILURE OF ICE
Based on laboratory and field tests a detaiied description of the brittle failure of a blunt object
" impacting a 'arge ice mass will be given. Since conventional testing machines are not fast
:-_'; enough. drop ball tests have been used. In these tests. a weight with a spherical surface I1s
3 dropped on z solid ice surface. These tests were first performed by Pounder and Little| 391 n
:-; 1958 Later Kheisin and his coworkers; 22.23.24.31.33 used larger spheres with an accel-
‘-{ erometer Drop ball tests have also been pertformed by Tunco andg Martin{451. Tsurikov and
r 200
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Veselova[46i. and Khrapaty and Tsuprik|26.27 Detailed failure descriptions have been
given in References 22 and 27. Other impact tests have been performed by Lavre 32

Riskal41]. Glen and Comfort; 18.. and El-Tahan et al./15.16 . In order to simulate icebera
impacts. a large mass impacting at velocities up to a few meters per second i1s required
Because of the difficulty of handling a large mass. Benoit et al |6 used hydraulic rams 10
simulate drop ball tests whose final contact areas were as large as 3 square meters.

After reviewing the available descriptions. the brittle faillure of a blunt object impacting a targe
ice mass can be summarized as follows. Upon intial impact. the virgin unbroken ice at the
contact hecomes pulverized. A set of concentric conical cracks and a set of radial cracks form
as shown in Figure 2[26|. The pressure of the pulverized layer spalls out the surface ice
pieces adjacent to the indentor. Part of the pulverized ice layer 1s expelled. If the energy 1S
sufficient. the penetration continues with the contact area becoming larger.

Underneath the pulverized ice. the uncracked ice has a rough surface. As the indentor
continues to penetrate. it makes contact with the high points on this surface. pulverizing each
pointin turn. and continues to expel the pulverized ice. Forces are required to pulverize the
high points as well as to expel the pulverized ice. The typical pressure time history is shown in
Figure 3 which is from El-Tahan et al|16] Note the high initial pressure obtained as

compared to later pressures.

2 ke

Figure 2. Impact Damage of Ice e

Figure 3. ice Pressure Duning impact
The sudden drop of pressure indicates brittle failure of the high points on the contact surface

and a sudden increase in pressure indicates making contact with a high point

For iarge contact areas. typical force time records show many sudden changes typified by

this pnttle fallure. This indicates that the dominant force 1s associated with brittle fracture of

POLDAATY,
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o
__\,:'_ the high points on the ice surface rather than the expelling of the pulverized ice which shouia
:I;:'. show as a smoaother force time record.
el
i As a result of this failure process. the average contact pressure on the indentor 1s extremely
; h high upon imitial contact. fluctuates rapidly. and decreases as the contact area grows.
j: Whether the average pressure continues to decrease beyond the range of the available test
f\ data is an interesting question. The answer will depend upon the roughness of the newly
" created ice surface. Nevel[38]and Ashby et al.[3] have previously discussed the concept of a
?_‘ decrease in the ice strength with contact area caused by nonuniformity of contact created by
"\
;'::: the failure itseif.
o~
. 1 From the above discussion. one can conclude that the design strength for iceberg impacts
N should be obtained from tests with realistic initial velocities and large contact areas. The tests
¥ : which best meet these criteria are those performed in the field on an iceberg by Benoit et
-\':.'E al.{6] for an initial velocity of 10 cm. sec and a final contact area of 3 m?. but the test results
are proprietary. Other impact tests were performed in the laboratory on tceberg ice by
' -’.f} El-Tahan{15.16]. These tests had a temperature of —5°C, an initial velocity of 2 m, sec. a
‘::'_I: final contact area of about 10 cm?. and produced a strength of about 17 MPa. This high
strength 1s probably due to smail contact areas.
C
[ Khetsin et al.l 23! performed drop ball tests on a freshwater lake with velocities ranging from
: 0.6 to 4.0 m sec Contact areas were not reported. but because steel hemispheres of 156
': and 300 kg were used. the contact area must have been much larger than those of El-Tahan.

Kheisin obtained average strengths of 8 and 3 MPa for air temperatures of about - 10°C and

O

i

-.'_'_'A - 3 C respectvely. The results showed that the strength was independent ot the velocity.
"
l.- . . -
o Khrapaty et al.i 2.26.27 | performed tests similar to Kheisin on sea ice. The strength depended
Ca
'.' upon temperature. By replotting his data and fitting a curve by eye. his results can be
h o expressed as s - 65¢ T where 7 is the strength in MPa and T is the temperature in
f::iz degrees centigrade At a temperature of - 10°C. the strength was about 6 MPa. Khrapaty
,'C::ﬁ also ‘found the strength independent of velocity. The results from other drop ball
{ . tests 39.45 46 angimpact tests! 18.32.41 | are not discussed here because these tests were
:»f:f not perfarmed onr iceberg ice and were of limited contact area.
o
::j The umaxiai compressive strength of iceberg ice has been measured by Ei-Tahan et
I" al 1516 anaby Gammonetal |17 Atatemperatureof -5 Candastrainrateof 10 * sec.
E: El-Tahan ‘ound an average strength of 7.4 MPa while Gammon found 53 MPa. Many
-
','.}' icecergs along the coast ot eastern Canada are calved from Greeniand glaciers. Kovacs et
N 202
~
Y
Yo
'.l
SARACATRLESE '::’:.' :.::.:.' :.:_-\.:-'s.' :'-.;,-\.'. >, ::,:.:_\. _,-.‘,,-\.}-\. AN '-*[\ \)\ P pTe A _,.w- -\. ™ \.._;.. TR AR AT Y
Y

Ry Y R

..~.!.t e 2 e X a‘ &O.‘l.".- p‘lo -‘o o U SO ML IS W



W

;' al.| 30| measured the uniaxial compressive strength of Greenland glacier ice at atemperature
- of -25 C and a strain rate of about 10 ° sec. The results of the dense ice ranged from 6 to
::j; 12 MPa. Earlier Butkovich[ 7| found the uniaxial strengths for Greenland ice to be from 3 to
o 8 MPa at atemperature of - 5 C and much slower strain rates. The relation between uniaxial
,\. compressive strength and drop ball strengths have not been established. but results seem to
:;: be of the same order of magnitude.

W

The conclusions made from these resuits are (1) the impact strength for iceberg ice is in the
w” range of 6 to 10 MPa and probably decreases as the area of contact becomes larger, (2) the

N
> impact strength is independent of speed in the range of 0.6 to 4.0 meter-sec. and (3) the
N impact strength depends on the temperature of the ice. The in situ temperature of icebergs
K. has been measured by Diemand[12] and can be as cold as — 10°C within one meter of the
B iceberg's surface.

"

> DROP BALL TEST

o

‘€ The drop ball test will be analyzed using the constant strength theory and the viscous
q

strength theory. A comparison will be made between these theories including their specific
energies.

g
.
2,

v
b

Consider arigid sphere of radius R and mass M dropped from a height H onto a semi-infinite
ice mass. The potential energy at the time of release, MgH. is equal to the kinetic energy at
the time of contact. 172 MV,2. where g is the gravitation constant and V, is the velocity of the
sphere at the beginning of impact. Most of this energy will be expended by crushing the ice,

s P

R

and a small amount may remain with the sphere after impact.

Both Yen et al.[47] and Likhomanov and Kheisin{33] have experimentally determined the
coefficient of restitution of steel balls dropped on ice. They show that the coefficient of

NPT

restitution decreases with increases of mass. velocity, and temperature. For warm fresh-
water ice. a 300-kg steel bali with an inttial velocity of 1.4 meters per second produced a 0.10
coefficient of restitution. With much larger masses. the coefficient of restitution should
become very close to zero. Hence we will neglect elastic strain energy of the ice and assume

ey .
BN @IS

that energy is expended by crushing the ice as given by

-
g
-

Y

B Yo" J2 F az (1)
(W

N . . . . . .

Z:i' where F is the force, Z is the penetration distance, and Z, is the final penetration distance.
4

- The constant impact strength theory assumes that the contact pressure is uniform over the
$ contact area and is canstant with time during the impact. Figure 4 shows a uniform pressure p
- 203
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acting over an area A. The pressure acting in an arbitrary direction x or y on the projected
areas are

F. Asind
o g Rann - P (2a)
and
_F, _pAcostH _
Pv = & = Acosh ~ (20)

Hence the pressure on a projected area is the same as on the contact area.

Hence the force F can be written as

F=0cA (3)

<

where «r is the impact crushing strength, and A is the projected contact area. For a sphere,
this area equals m(2RZ - Z?) where Ris the radius of the sphere. For small penetrations. we
can neglect Z? and the area becomes

A = 7 2RZ (4)

Substituting Equations (3) and (4) into (1), we integrate and solve for the final penetration
distance to obtain

_[MV2\ 2
Zo = (()’ m ZR) (5)
The force during impact can be expressed as
_MV2 (Z
F - —zf_(z—o) (6)

and it reaches its maximum value at Z = Z,. The local pressure p equals the nominal
pressure g and is equal to the impact crushing strength « throughout impact. The dynamic
equation is

Mvg\z/:—F (7h

where V is the instantaneous velocity of the sphere. Substituting Equation (6) into (7) and
integrating. we obtain the velocity
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Expressing V as a time derivative of z, and integrating Equation (8). we obtain the time. t

t = \Z—/Q arc sin (Z. Z,). (9)
(o)
The total mpacttime T atz = z, 1S
_ 1y
T = 5V, {10)

The specific energy ¢ is defined as the energy dissipated in crushing the ice divided by the
volume of crushed ice. The volume of penetrationis 22 (R — Z+3) for the drop ball test. For
small penetrations. we neglect the Z'3 term to obtain

2 g2
¢ = Mot a
Substituting Equation (8). we get

. MVve2

£ = 2————Lzﬁ RZ, {12}
which is constant throughout the impact. The strength  obtained from Equations (3). (4). and
(6) is also equal to Equation (12), and in this case the constant strength and specific energy

are the same.

VISCOUS THEORY

The viscous theory assumes that a crushed ice layer forms between the structure and the
unbroken ice and that this layer flows in a viscous manner. Kheisin et al.[24.31] developed a
method for solving the eguations for this problem following the method used in lubrication
between bearings. This solution for the rigid sphere impacting ice wiil be rederived and
expressed In a way which can be compared to constant strength theory

Atanyinstantduring the impact of a rigid sphere on ice, we assume that a crushed ice layer of
thickness h has developed. We assume that this layer is thin when compared to the radius of
the contact area r,,. A sketch of this layer is shown in Figure 5. At the interface between tne
crushed and uncrushed ice. z = h. we assume that the radial velocity u and the vertical
velocity w are zero. At the interface between the rigid sphere and the crustedice.z 0. we
assume that the shear stress 7 is zero and that the vertical velocity is the instantaneous
velocity V of the sphere. At the perimeter of the crushed layer r = r,. we assume that the
pressure Is zero.
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Figure 4. Pressure on Contact Area Figure 5. Viscous Ice Strength Model

We will assume that the layer of crushed ice behaves as an incompressible viscous fluid. In
the Navier-Stokes equation which describes this fluid motion. we shall neglect the body
forces due to gravity and the acceleration forces. The forces due to pressure and viscous flow
will be retained. For axial symmetric flow in cylindrical coordinates r and z. the Navier-Stokes
equations are

.2 - 2

po_ [yt iy

ar M{""T rar -~ az? (13a)
2 . 200

1l _ "W 10w Wl

nz o H[,‘orz ror ”?i (13b)

where p s the pressure. w 1s the viscosity. u and w are the velocities in the r and z directions.
respectively.

In order to solve these equations. we assume that the radial velocity i1s independent of r. u
u(z). and that the vertical veiocity w is zero everywhere except at z = 0 where itis equaito V
Equation (13b) becomes

1"p .
vz 0 (14a)
which says that the pressure 1s independent of z. Equation (13a} becomes
up "LlJ’
r W2 114b)

The boundary conditions for this equation areu  Qatz

hand -~
0. the last boundary condition becomes i Z

pilou o2 - ow oory 0
atz 0 Sincew 0 Integrating Equation

(14b) with respect to z and using these boundary conditions. we get

1 op e ,
- IS h(_
U o, 2 ) (15)
We consider the incompressibility of the crusted iayer by equating the downward flow of
material from the sphere s movement =r< V to the radial flow [. 2=r u dz to obtain
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h'dp - guVrdr 16

Inorger to solve this equation. we must know the thickness h of the crushed ice iayer Kheisin
assumed thatthe pressure p1is proportional to h by the equationp  khwhere kis a constant
Although other assumptions can be made., we will proceed with Kheisins assumption
because of its simphicity Then Equation (16) becomes

pldp - - guKJVrdr (17)
whose solfution is
p=i3ukdVir? - i ? (18)

where the boundary condition p = 0 atr = r, has been used.

Integrating the pressurs over the contact area and dividing by the contact area = r.”. we
obtai: the nominal pressure g of

(BukdVr2)* (19)

[ ]]F =%

q =
Dividing the pressure p by the nominal pressure g, we obtain
9 _ § _ r 271 4
-3 [1 (ro (20)

which shows that the maximum pressure 1S at the center and is 1.25 times the nominal

pressure
The total contact force i1s the nominal pressure times the area which is
4 3y1 4 1 4 5 2
Fff57(3uk) LA S (21)

The equation of motion for the sphere during impact is the same as before and 1s given by

Equation (7

Using Eguation2tyandr.-  2RZwhere Z1s the penetration of the sphere. Equation (71 can
ne integrated Usingthe boundary conditionV - V,wheaZ - 0. we getthe velocity V during

impact to be
r Q 4" 4 "
VV :1 (ZZ) | 122}
where the final depth of penetration Z,, 1s
207
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T Zo = 2@:) [@ukd) v (2R ° 23)

Euiation 122) can be integrated to get the time t as a function of the penetration distance Z

Vol o fzz (1 - xe o) ¢ 7o (24)
Z

The otal impact ttime T 1s
T =16778 2,'V,. (25)

The specific energy « during iImpact is given as before by Equation (11) and. using Equation
(221 pecomes
-1 - 22z f

v = Fy (2'20)2 T (26)

anere the specific energy at final penetration ¢, is given by Equation (12) with Z.. defined in
Eguation (23)

Using Equations 122) and (23). the force from Equation (21) becomes

Foorn A,

\nco

ZZ) Nz z e (27)

where the hnal contact area A, - 2=R Z,.

Tre maximum force occurs at

4 9
?Z - f}g) - 0.9033 128)

anch corresponds to V..ot Z, - 1.12. The maximum force Fm is

Fm = ¢+, A, 0.9026. (29)

The average force Fa during impact 1s
Fa = ¢+, A, 0.5 (30)
U ning the force of Egiation (27) by the contact area 2wRz. the nominal pressure g s

T4 .
q *3(22) [ -2z (31)

The maximum nominal pressure occurs at
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Lo
I‘::
= 49
e Z - (1’76) - 0.693 (32)
LY o]

which corresponds to V, t. Z, = 0.755. The maximum nominal pressure Q. IS
: ) 97y ®
- m = fo 3 (WS)

The average nominal pressure during impact is

7

9 = ¢, 1.0803. (33)

16

»

OO
4 5% Y
LA

~r

Gm = 03 [5X “2(1 = X)" T (34)

~
4 ‘;x{ Pé

which when integrated gives q. = 0.9420 ¢,.

Pd
‘a}‘n;) )

COMPARISON OF THEORIES

We now compare the constant strength theory to the viscous theory for the rigid sphere
dropped on the ice. For an initial velocity V,, the theories are compared by assuming the
same Z, which is experimentally measured. Equations (5) and (23) give the relation between

v, YRR
0 [ OO

S,

Z, and the constant strength and viscosity, respectively. The initial velocity V,, final penetra-

’

:'._ tion Z,. final contact area A, = 2nR Z,, and final specific energy ¢, = MV,2/w2R Z,2 are
’ 4: used to make the solutions dimensionless. Figures 6, 7, 8. and 9 show the velocity V/V,, the
t'_ force F «,A.. the specific energy £/¢,. and the average pressure q/¢, as a function of the
7 l.

:-‘,' penetration Z Z, for the two theories. Figure 10 shows the penetration Z/Z, as a function of
’._E the time V.t Z, for the two theories. Figure 11 shows the pressure p/q as a function of
y :C position r r, for the two theories. Table 1 shows a comparison of key values for the two
D theories.

. (-"

o TABLE 1

>

-.ﬂ THEORY COMPARISON OF DROP BALL TEST

L

a Constant  Viscous
-

.':f_';f Max. Sp. Energy ¢, 1.026 ¢,

,1_(\.

_&3‘_ Maximum Force £o Ao 0.903 ¢, A,
-’:’- Average Force 0.5 ¢4 A, 05 ¢, A,
u;‘.:-'

-;-::-; Time of Impact 157 Z/V, 1.678 2,/V,
b\
;-',)_f Max. Pressure @ ¢, 1.080 ¢,

)

.’ Ave. Pressure q o 0.942 ¢,

ny
b Max. Pressure P q 125 q
L7 ( o
K,
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Although there are some differences. these resuits show that they are not great. Therefore. it
seems reasonable to use the simpler constant strength theory rather than the more compli-
cated viscous theory.
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Figure 8. Specific Energy Versus Figure 9. Nominal Pressure Versus
Penetration Penetration
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Figure 10. Penetration Versus Time Figure 11. Pressure Versus Contact Radius

ANALYSIS OF AN ICEBERG IMPACTING A STRUCTURE

The dynamics of an iceberg impacting a structure must be analyzed in order to calculate the
interaction force. The motions. whether rigid or deformable, of all elements should be
considered. but motions that are small are usually neglected in order to simplify the problem.

The simplist analysis only considers the crushing of the ice and the linear motion of the
iceberg. In addition, the iceberg’'s deformation[35]. the iceberg’s rotation[4.42], the rigid body
motion of the structure{11,20.40}, the deformation of the structure[40]. and the deformation
of the s0il[11.20.40] have been considered. The water forces are included through added
mass factors. and sometimes through damping factors, which are applied to the iceberg and
structure. For impacts whose contact surfaces are not perpendicular to the direction of
motion. the possibility of the iceberg sliding along the surface should be considered.

The equations of motion for each body are used along with the initial conditions. The
boundary conditions at the contact is specified in terms of the brittle crushing strength and
possible iceberg sliding. The resulting nonlinear equations of motion are solved numerically
by time stepping from the initial condition. A predictor-corrector method| 1| ts recommended
for the time stepping process. The resulting interaction force depends upon the deformations
and motions which make the impact more compliant. Depending upon the problem being
solved. the equations can be simplified by neglecting many of the deformations and motions.

The equation of motion can be expressed in the alternate form of either impulse-momentum
or energy. The impulse-momentum method has not been used for iceberg impacts. but the
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erergy approach has been used in References 8. 9. 21. and 38 In this method. the nitial
kinetic energy of the iceberg 1s transferred to various forms during the impact. For a fixec
structure. most of the energy will go into the work of crushing the ice. If the iceberg hits
eccentrically with respect to the structure. some of the energy may remain in the iceberg as

retattonal kinetic energy.

Botnh harizontal and vertical eccentric hits could occur For icebergs the moment arm ‘or
honzontal eccentric hits will probably be larger than those for vertical eccentric hits Bass et
ai 4 isnow that the iceberg shape at the contact and the horizontal eccentricity influence the
interaction force significantly Therefore. a simple approach will be developed to estimate the
rotational kinetic energy remaining in an iceberg that hits with a horizontal eccentricity

Consider an iceperg of mass M and velocity V hitting a structure with a honzontal eccentricity
vy as snown n Figure 12 The equations for planar motion are

F. - M, x (35al
F.= My {35b1
F.y. - F, x, = 1Im# (35¢)

where M, 1s the mass including the added mass in the x direction. M, 1s the mass including the
acded mass n the y direction. 1 1s the polar moment of inertia including the added nertia
about the center of gravity of the iceberg, and ~ ' denotes the derivative with respect to time
Substituting Equations (35a) and (35b) into (35¢). we obtain

Moxy, ~ Miyx, =1# (36)
Tneantial conations attime tequal zero arex = V.y = 0,and# - 0. We assume that x.. and
X v dre constant for small rotation and integrate Equation {36) to obtain
'_'.' M oix - viy, M yx., = I 1371
JO
t;j:: Ve assume thatthe iceberg rotates through a small angle 4 around the hit point and theretore
2N X My 38a:
0.
20 y oM X. 138b1
.
- Substituting Equation (38) into Equation (37) and solving for #. we obtain
v
7
Y M. Vy.
N My T M kT 39!

, The rotational kinetic energy E. of the berg 1s
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E - AM (X2 - 3M (y)? - (5)2. (40)

N —
NI —

=.ost et ng Equations (38) and (39) into Equation (40). we obtain the kinetic energy of the

JeOerg as

< we assume that M, - M. then Eguation (41) can be expressed as

M V2 Ty, )2 G
B 7 ';‘1—.!‘&;?@ (42)
L

anere ro L Moanar o xS - ys

Tre war ZOre on the structure in crushing and sliding the iceberg is

fFds - [Tat (43)

s~rere F anct T are the normal and tangential forces to the structure, and ds and dt are the
rormal anc tangential incremental displacements. We assume that the slippage displace-
mentdt  tani3 ds where 3 1s the structure angle as defined in Figure 12. and the tangential
‘orce T N where w is the coefficient of friction. Using F = A, Equation (43) becomes

(1 -~ utanB) o Vol (44)

where Vil s the volume of crushed ice.

Equating the inital kinetic energy of the iceberg to the work done on the structure and the

rernairo g rotatonal energy. we have

>

M, V7 M, Ve L0 P
I (1 -O(Fq r)ﬁ (1 - utanp) ¢ Vol. (45)

Erxoation (451 1s solved for the volume of crushed ice. Depending upon the local shape of the
structure and iceberg at the contact point. the penetration distance x and contact area A can
ne founa The local shape can significantly influence the final contact area A and, hence. the

‘orce The force is tnhen determined from F = <A,

For aniceberg of spherical shape, r2 r¥ = 2 5, and with the maximum eccentricity of y, = r
the energy remaining with the iceberg i1s 71 percent of the onginal energy.
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STATISTICAL ANALYSIS

The mpacticree of an ceberd igamst a structure can be calculated from Equation (45) or .
from other 2c.auons derved from ne Mmemods outined. The engineer must choose the
parameters requirec for design For F.a.aton (45 these parameters are the iceberg s mass.
moment of .nertia inital velocity. eccenticty sirength and focal contact geometry of the .
structure and the iceberg. The araft of the :ceberg s also important since it will limit the size of
icebercs that occur 'n shallow water. The effect of the force on the structure must be
evaluated globally for shding. overturming. and tersion. and locally for wall thickness ana
framing. Each of the icebery parameters has a wide range of values. If the engineer selects
the extreme for each parameter. the calculated force wili be overly conservative. A rational .
approach isto define tne probatrity of exceeaance for each parameter. Then the probability
of exceedance for the force ran be calculated using these input exceedance distributions. )
The methoa used for this calculation s numerical. For each input distribution. a random J
number petween 0 ana 11s generated. This means that any number betweer 0 and 1 has an
ecua crance of ceing chosen Thisnumber s setequal to the probabuity of exceedance. and
e ingut parameter s getermmed. This 1s a vald procedure because the probability of
extesdance curves are usualiy developed with data that are assigned equal probabilities.

I3

After snoosing a setof inoul paramelers. o force can be calculated. The process of randomly
selectrg inout pararmeterss repeated many times. and a force is calculated for each set of
mput naramesters. From these forces g orobabiity of exceedance curve is constructed. An

examule of 3 ‘cree exceedance curve or a single impact 1s given in Figure 1338 .

R . |

] / * : ‘ '\

|
»
.
»

/

i

Figure 13. Probability of Exceedance
Versus Force

Figure 12. Horizontal Eccentric Hit
Geometry
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This numerical method is called Monte Carlo ¢istribution sampling. It has been assumea that

the ncut parameter distributions are independent of each other A modificaton of this
procedure should be used when the input distnbutions are correlated Thereis very ittle data

Yy rrorvw
A
PR

oniceberg mass and velocity in the iterature. There 1s no data on moment of inertia and local
geometry. Benedict and Lewis| 5] state that the gamma distribution 's valid for iceberg drafts
but no data is given. it 1s known that the ol companies who operate otffshore along eastern
Canada have been coliecting data to calculate the iceberg impact force statistically. but their
data is proprietary.

DESIGN CRITERIA

Having established the probability of exceeding the force for an iceberg impactng an
offshore structure, we must now choose a reasonable design criteria. Traditionaily. design
criteria have been selected based upon a return period. The return period Is defined as the
expected time between obtaining or exceeding the design level. It is equal to the expected
number of events to obtain the first exceedance muitiplied by the expected time interval
between events.

The probability that the first exceedance of the design leve! occurs on the first. second. thirc.
or nth event is

forn=1.p (462)
forn=2.p (1-p) (46D)
forn=3.p (1-p)? {46¢)

forn=n.p(1-p)° . (46d)

The expected or average number of events that will occur before the first exceedance 1s

:\.:1np(1—p)” "=é. (47)

Hence the return period RP is
RP = é.&T (48)

where AT is the expected time between events.

A number of references(14.19.36.37.44| have considered the frequency of occurrence of
icebergs. In many cases. data from the International ice Patrol are used. From this data the
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ij average number of iceberg hits per year or its reciprocal. the average time interval between
5 Pits must be estimated in order to calculate the return period.
p >
-"" — .
“1e probabihity of obtaining n hits in time t can be estimated from Poisson’s distnibution by
-\.I
< (A) e
U4 S W
Y
A\
. where A 1s the average rate of hits. Although the probability of receiving n hits in a given time is
o nteresting. more important is the probability of exceeding the force in a given time. This is
n',
. given by
- PF=FoAt) = 1 — (1 -p)" (50)
:-: where p 1s the probability of exceeding the force F, for a single hit.
Q
e Tne selection of the return period has been traditionally accepted as a design criteria in many
: hecs The specific value has been arbitrary and in some cases adjusted with experience. In
; ornciple. it should be some multiple of the expected life of the structure. An aiternate design
' critena to the return period is Equation (50). the probability of exceeding the force in a given
\ "me period. Some structural engineers are uncomfortable with a design force that is not
‘ “elated to a specific event. Dunwoody| 13| discusses design events obtained from a return
- period force.
2y CONCLUSIONS AND RECOMMENDATIONS
:: The reason for the size effect on impact ice strength is understood from laboratory and field
: - tests. but reliable strength values are not available in the open literature. The drop ball test
: vas analyzed using both the constant strength and the viscous theory, and the comparison
.':: snowed iittie difference. The energy remaining in the icebarg due to its rotation can be
j: ~alculated without time stepping the dynamic equations of motion. The analytical method for
s . L
" calculating the 1ce impact force. including its statistical treatment. 1s known. The required
- statsticai iceberg data of impact velocity. mass. moment of inertia. strength. shape at
- .
‘A contact. and expected time between impacts are not available in the open literature In order
Y
f N ‘0 reliably predict impact forces. it i1s recommended that the following statistical data for
N icebergs be collected for the location desired: mass. moment of inertia. draft. velocity. local
" geometry. strength. and frequency of occurrence.
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